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1.1 Thesis Motivation
In recent years trends in the gas monitoring industry have suggested that the 
Non-Dispersive Infrared (NDIR) method o f  detecting gas is proving to be the 
most popular choice out o f  all the gas detection technologies. The NDIR 
method has many advantages over conventional methods that are sometimes 
deployed to detect the presence o f gas. In an industrial driven world where 
ever increasing levels o f safety are expected and demanded there is an even 
greater demand for high quality, reliable and well-designed instrumentation. 
Infrared gas monitoring is recognized as being the most likely gas detection 
technology that can provide the quality and reliability required in a gas 
detector. By tackling inherent problems evident in similar gas detectors 
currently on the market and by offering an attractive and competitive sale 
price it was envisaged that the completed instrument would boost M onicon’s 
sales in their infrared product range.
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1.2 Thesis Objectives
This thesis is based on the work done in developing the infrared gas detector. 
The project initially was intended to be one instrument that could be set up to 
detect 5% by volume CO2 and also set up to detect a range o f  hydrocarbon 
gases in the LEL range (Lower Explosive Limit). It became clear however in 
the early design stages that the project has to be split into two separate 
instruments, a CO2 detector and a hydrocarbon detector. The CO2 detector 
was titled the IR80 and the hydrocarbon monitor was called the S500-IR. The 
main objective o f this project is to design and develop an infrared gas 
detector that would place Monicon at the leading edge o f  gas detection 
instrumentation. To set the developed instrument apart from similar 
instruments on the market some innovative design features were to be 
incorporated into the development and design stages.
1.3 Research Methodology
The approach to the research is as follows:
Literature Review  
• Gas D etection Technologies
o Catalytic Pellistor 
o Electrochemical methods 
o Semiconductor resistive detectors 
o Paramagnetic oxygen detectors
• Infrared Gas M onitoring
o Infra-Red Spectroscopy 
o Beer-Lambert Law 
o Deviations from the Beer-Lambert law 
o Pyroelectric Detector Characteristics 
o Advantages o f Infrared Gas Monitoring
Requirem ent Analysis
• Analyze current infrared gas monitoring systems and technologies 
used.
2
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• Identify shortcomings that exist in current instruments and propose a 
set o f  design methodologies that would enhance the infrared gas 
detector.
System Developm ent
• Develop the IR80 CO2 infrared gas detector and the S500-IR infrared
gas detector.
Test and Validation
• Evaluate the implemented system.
• Obtain gas instrumentation expert feedback.
• Conduct a field test with the instrument.
3
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1.4 Thesis Structure
A brief description of the structure of the thesis is given below and is illustrated in figure 
1.1.
Chapter 1
Chapter 2
Chapter 3
Chapter 4
Chapter 5
Chapter 6
Figure 1.1 Thesis Structure
Chapter 1 presents the thesis motivation, objectives, methodology and 
structure.
Chapter 2 contains a literature review o f  the various other types o f  gas 
monitoring technology used in instrumentation. The catalytic pellistor is 
described in detail. Electrochemical methods deployed to detect gas are 
detailed. Semiconductor adsorption is explained and finally there is a section 
on paramagnetic gas detectors and the principles on how they operate.
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Chapter 3 gives an insight into infrared gas monitoring and the theory behind 
it. Infrared spectroscopy is the study of how molecules absorb infrared 
radiation, and the theories related to this are detailed. Information is 
presented on the Beer-Lambert law and the deviations from the Beer-Lambert 
law. This law, in its basic form, relates the amount o f  light absorbed to the 
concentration of the substance absorbing it. The pyroelectric detector, which 
detects changes in incident radiation, is described and how it is utilized in the 
project design. Finally the advantages o f using infrared monitoring are listed.
Chapter 4 details the implementation of the infrared gas detector. A set o f  
functional and non-functional requirements is listed to begin with. Then all 
aspects o f  the design and implementation of the system are given.
Chapter 5 looks at the testing and validation o f  the infrared gas detector. The 
methods used to thoroughly test the implemented system are presented along 
with some results and feedback from instrumentation experts.
Chapter 6 concludes with a summary o f  the work done, the conclusions drawn 
from the research and recommendations for further development o f  the 
system.
5
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Chapter 2
Gas Detection Technologies
2.1 Introduction
2.2 The Catalytic Pellistor
2.3 Electrochemical methods
2.4 Semiconductor resistive detectors
2.5 Paramagnetic Oxygen Detectors
2.1 Introduction
This chapter will introduce the most popular technologies used for the detection 
o f gas. Most o f  these technologies are utilised by Monicon Technology in 
current production products. The advantages and disadvantages o f each will be 
presented. Catalytic pellistor detection is discussed. Electrochemical methods to 
detect gas are also detailed. Another technique commercially used is 
semiconductor adsorption. Finally the magnetic properties o f  a certain gas, 
specifically oxygen will be described in order to explain how paramagnetic gas 
detectors operate.
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2.2 Catalytic Pellistor
Oxidation o f flammable or combustible gases on a heated catalytic pellistor is 
by far the most common method o f  detecting concentrations below the lower 
explosive limit (LEL) o f  these gases in air. The pellistor has been in production 
for over 40 years. Significant improvements have being made over the years in 
improving the overall performance o f the sensor [Firth 1973].
The pellistor is basically a miniature calorimeter. A calorimeter is an apparatus 
for measuring the quantity o f  heat given off  or present in a body. The pellistor 
is used to measure the energy liberated on oxidation o f  a combustible or 
flammable gas. It consists o f  a coil o f  small diameter platinum wire supported in 
a refractory bead. The coil serves two purposes. Firstly it is used to heat the 
bead electrically to it operating temperature o f  approximately 500°C. It’s 
second purpose is to detect changes produced by the oxidation o f combustible or 
flammable gas. As mentioned the wire is platinum. Platinum is stable, corrosion 
resistant and has a high temperature coefficient o f  resistivity, which makes it a 
good temperature sensor at the filament temperature. Thus the catalytic pellistor 
measures gas concentration by its rise in resistance, which is caused by a rise in 
temperature produced by the heat o f  combustion on the catalytic surface. 
However it needs a fairly high temperature for efficient combustion and for the 
particularly difficult case o f  methane detection this temperature can be up to 
900°C. At this temperature the platinum wire will evaporate quite quickly 
giving an operating time o f about 100 hours. To combat this problem the wire 
coil is repeatedly dipped into an aluminium nitrate, which is decomposed into 
alumina by heating with a current through the wire. This is repeated until the 
required bead size is obtained, usually 1mm in diameter. This forms a solid 
alumina bead around the coil that contains precious metals and catalysts. This 
enhanced catalytic activity resulting from the much larger surface area o f 
catalyst available permits the much lower operating temperature o f around 500°, 
resulting in lower power drain and a much longer device lifetime. Generally a 
reference bead is located beside the active bead in the sensor’s housing. The 
reference/compensating bead does not facilitate the oxidation o f a combustible 
or flammable gas. This reference bead can in turn be used to compensate for
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environmental changes, pressure, temperature fluctuations etc. The active and 
reference pairs are matched together in production so they resemble each o ther’s 
characteristics. The treatment o f the reference bead commonly consists o f  
boiling the bead in KOH solution, which is a strong catalyst poison [Mosley 
1987]. Figure 2.1 shows the components that make up the pellistor catalytic 
detector.
Bead
Sealing
O-ring\a:
Porous Refractory 
Bead with Catalyst
Can
Header
Platinum
/  Wire Coil
Leads
1mm
Figure 2.1 The pellistor catalytic detector
In order to integrate the pellistor into a circuit design the matched pair are 
connected into a wheatstone bridge circuit. A wheatstone bridge is balanced 
when the ratio o f the resistances on the right are equal to the ratio o f the 
resistances on the left side.
RI = R3 
R2 = R4
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COMPENSATOR 
(SLACK NUM6€R)
TRIMMING
R€SISTOR
Figure 2.2 W heatstone bridge circuit
As can be seen from the circuit diagram the active and compensating detector 
make up two sides o f  the bridge circuit. As oxidation occurs on the active 
element in the presence o f  a combustible gas the resistance increase results in an 
imbalance in the bridge. The bridge output rises accordingly. While in clean air 
the bridge can be zeroed by means o f  the zero potentiometer. The catalytic 
pellistor has a fast response time. Typically it possesses a T90 time o f  15 
seconds, T90 being the time it takes to reach 90% of the target gas concentration. 
One disadvantage o f the catalytic pellistor is that i f  the pellistor encounters a 
high gas concentration, it will give an increasing output to the stoichiometric 
ratio, but as less oxygen is then available the output from the sensor decreases 
with increasing gas concentration. As in the example o f methane the output is a 
maximum at 10% volume. To overcome this potentially disastrous situation the 
national standards stipulate that each catalytic pellistor based detector must 
operate reliably at concentrations greater than 100% LEL. The most common 
method for gas detector manufacturers to implement this is to over-range latch 
the instrument in such situations. So in the eventuality that a high concentration 
of gas is present it will go into alarm mode and latch.
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Another disadvantage o f pellistor-based detector is that they can be easily 
poisoned. The pellistor can be poisoned by one o f  three means.
• Temporary poisoning or inhibition by volatile compounds. Many 
halogenated compounds have this effect.
• Decomposition and deposition o f relatively in-volatile substances. The 
most common agents are lead tetraethyl (which deposits lead) and 
silicones (which deposits silica). Phosphorus, sulphur, arsenic, and 
antimony compounds also have this effect.
• Formation o f  polymers that coat the surface, for example, from vinyl 
chloride or butadiene.
In order to make the pellistor more poison resistant a bead which had a 
molecular sieve construction was introduced. This molecular sieve keeps the 
poison molecular away as there are bigger and more “clumpy” then the 
molecules o f a combustible or flammable gas. This however only works for 
some poisons. In the presence o f silicones any catalytic pellistor will be 
irreversibly poisoned [Pallas-Areny 2001].
2.2 Electrochemical Methods
A dc electrochemical cell consists o f two electrical conductors called electrodes, 
each immersed in a suitable electrolytic solution [Plambeck 1982]. For a current 
to develop in a cell, it is necessary that:
• The electrodes be connected externally by means o f a metal conductor.
• The two electrolytic solutions be in contact to permit movements o f  ions 
from one to the other.
• An electron transfer reaction can occur at each o f  the two electrodes.
The two electrodes usually consist o f  one copper and one zinc.
Conduction in a cell
Three distinct processes in various parts o f  the cell conduct charge.
Firstly conduction can occur between the two electrodes. Electrons serve as 
carriers moving from the zinc through the conductor to the copper. Secondly
10
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within the electrolytic solution ion movement towards and away from the 
electrodes result in conduction. Finally a third process can occur at the two 
electrode surfaces. Here, an oxidation or a reduction reaction provides a 
mechanism whereby the ionic conduction o f  the solution is coupled with the 
electron conduction of the electrode to provide a complete circuit for the flow of 
charge [Ewing 1975]. By definition the cathode o f  an electrochemical cell is the 
electrode at which reduction occurs while the anode is the electrode where an 
oxidation take place. Reduction occurs when it is the final process by which the 
commercially available electrochemical cell utilises in the detection o f  gas 
[Douglas 1994].
Capillary diffusion barrier
O-Ring seal
Sensing
electrode
Reference
electrode
Counter
electrode
Electrolyte reservoir
Figure 2.3 Electrochemical cell [Strobel 1975]
Oxidation and reduction
A very large class o f  reactions can be regarded as occurring by the transfer of 
electrons from one species to another. Electron gain is reduction and electron 
loss is oxidation [Rouessac 1998]. The jo in t process is called a redox reaction.
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The species that supplies electrons is the reducing agent (or ‘reductant’) and the 
species that accepts electrons is the oxidizing agent (or ‘oxidant’). To 
summarise oxidation then corresponds to the increase in oxidation number o f  an 
element and reduction corresponds to the decrease in oxidation number [Skoog 
1992].
Gas diffusing into an electrochemical cell is reacted at the sensing electrode by 
oxidation (most gases) or reduction (e.g. nitrogen dioxide and chlorine). Each 
reaction can be represented in standard chemical equation form. The oxidation 
o f carbon monoxide, for example at the sensing electrode can be represented by 
the equation [Fifield 1975]:
CO + H20  -> C 0 2 + 2H+ + 26-
In a two-electrode electrochemical cell there is a sensing electrode where the 
oxidation or reduction takes places, and there is also a counter electrode, which 
acts to balance out the reaction at the sensing electrode. If  oxidation occurs at 
the sensing electrode, oxygen will be reduced to form water at the counter 
electrode. If, however, the sensing electrode reaction is a reduction, the counter 
electrode reaction will be reversed (i.e. water will be oxidised). In either case 
current is caused to flow through the electrodes through an external circuit. This 
current is proportional to the concentration o f  gas and can be measured across a 
load resistor in the external circuit. As the gas concentration increases so too 
does the current flow, causing a change in the potential o f  the counter electrode 
(polarisation). With the electrodes connected with a simple load resistor, the 
sensing electrode potential follows that o f  the counter electrode potential 
[Verdin 1973],
There are however problems associated with two electrode electrochemical 
cells. Firstly i f  the gas concentration continues to rise, the sensing electrode 
potential will eventually move outside its permitted range. At this point the 
electrochemical cell will become non-linear, effectively limiting the upper 
concentration o f gas that the two electrode sensor can be used to measure.
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Secondly the potential between the two electrodes is made up o f  the difference 
between the electrode potentials o f  the two electrodes together with the ohmic 
drop (IR) due to the resistance o f  the electrolyte (R) between the electrodes.
V = E(anode) -  E(cathode) + IR
Where V is the cell voltage.
The contributions of E(anode) and E(cathode) cannot be separated. If the 
potential o f  the counter electrode remains effectively constant then the value of 
the sensing electrode can be determined with respect to the potential o f  the 
counter electrode as a reference. This depends on the potential o f  the counter 
electrode remaining constant over a range o f  cell currents, which in reality is an 
unsatisfactory situation [Riley 1987].
The solution to the problems described in the previous section are largely 
overcome by the introduction o f  a third electrode into the cell. This third 
electrode is called a reference electrode and is used in conjunction with an 
external potentiostatic operating circuit. The function o f  this potentiostatic 
circuit is to hold the potential o f  the sensing electrode with respect to the 
reference electrode potential. The diagram below shows a typical potentiostatic 
circuit in conjunction with an electrochemical cell.
13
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Figure 2.4 Potentiostatic circuit diagram including electrochem ical cell
IC1, which is an op-amp, compares the measured value of the reference
electrode to zero volts. The difference between the two is an error signal and
this is fed back to the counter electrode. The sensing electrode is held at a fixed 
potential relative to the reference electrode. The counter electrode is still free to 
polarise but this has no effect on the sensing electrode and so does not limit the 
sensor in any way. Consequently the range o f concentrations a three-electrode 
sensor can be used to measure is much greater.
The purpose o f the junction field effect transistor (JFET) is to short the
reference and sensing electrodes together when the cell is powered down. This
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way the two electrodes can be at the same potential and will not take a long time 
to stabilize when it is powered up. When circuit voltage is applied to gate o f  the 
JFET on power up there is an effectively an open circuit between the drain and 
the source. It is also important to ensure that the op-amp (IC1) used in the 
circuit has a low offset voltage ( e.g. < IOOjjV), or the op-amp will effectively 
bias the sensor.
2.3 Semiconductor resistive detectors
Semiconductor resistive gas sensors rely on the change o f surface or bulk 
conductivity o f some metal-oxide semiconductors, depending on the 
concentration o f oxygen in the ambient atmosphere.
Crystal lattices o f  semiconducting oxides have defects, often oxygen-ion 
vacancies [Berry 1968]. These defects are also known as grain boundaries. At 
temperatures above about 700°C, the adsorbed and absorbed O2 molecules from 
the atmosphere dissociate to form O' by extracting electrons from the metal 
oxides, thus increasing its conductivity. This forms a potential barrier in the 
grain boundaries. This potential barrier (eV ’s in air) restricts the flow of 
electrons causing the resistance to increase. The relationship between the 
conductivity o f  the oxide and the oxygen partial pressure takes the form 
[Hammond 1990]:
  a * - E a  /  k T  „  1 / No — Ae po2
Where, A is a constant, Ea is the activation energy for conduction, k is 
Boltzmann’s constant, T is the absolute temperature and N is a constant 
determined by the dominant type o f  bulk defect involved in the equilibrium 
between the oxide and oxygen. For T i0 2, for example, -4 < N < -6. An increase 
in oxygen concentration increases the conductivity.
Metal oxides can also detect gases that react with oxygen. That is combustible 
gases such as carbon monoxide (CO) and hydrogen (H2). These reactions happen 
at temperatures in the range from 300°C to 500°C, and they reduce the amount
15
Chapter 2 Gas Detection Technologies
o f  oxygen adsorbed in the surface. In an n-type oxide adsorbed oxygen acts as a 
trap for electrons from the bulk, hence increasing the resistance o f the material. 
Thus, oxygen reduction by a gas decreases resistance. It does this because the 
potential barrier is now lowered which allows the electrons to move more easily, 
thereby reducing the electric resistance [Tabor 1993], In a p-type oxide, 
adsorbed oxygen acts as a surface acceptor state that increases hole 
concentration, hence reducing the resistance o f  the material. Oxidizing gases 
such as chlorine (CI2) and nitrogen dioxide (NO2) can also be detected because 
o f  their direct reaction with the oxide. The resistance o f  the material responds in 
a way opposite to that for reducing gases. Therefore i f  the atmosphere has a 
fixed 0 2 concentration, as in air, minority gases increase or decrease the 
resistance o f the material depending on whether they are reducing or oxidizing 
gases and on the type o f  material (n or p).
Over a certain range o f gas concentration the relationship between sensor 
resistance and the concentration o f  the deoxidizing gas can be expressed as:
R = A[C] a
Where A and a  are constants and [C] is the gas concentration. The sensitivity is 
often specified as the ratio between measured resistances at two reference gas 
concentrations [Putley 1970].
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Grain boundary
#  E le c tro n
Figure 2.5 Model o f  inter-grain  potential barrier w ithout reducing gas present
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#  E le c tro n
Grain boundary
Figure 2.6 Model of  inter-grain potential barrier with reducing gas present [Willard  
1988]
Semiconductor metal oxide gas sensors are sensitive to temperature humidity 
and air pressure. These sensitivities are the major downfall in using a metal 
oxide sensor for gas detection. Ambient temperature will have an effect on 
sensitivity characteristics by changing the rate o f chemical reaction. Humidity 
causes a decrease in the sensor resistance as water vapour adsorbs on the 
sensor’s surface. Finally air pressure can also effect the operation o f  the sensor 
as it depends on the absorption along with the gas reaction to oxygen present in 
the atmosphere. Resistive gas sensors also lack selectivity (i.e. they are cross­
sensitive). Their main use is in the detection o f solvents, methanol, iso-butane, 
and combustible gases, methane, hydrogen, propane etc. Although there are 
carbon monoxide, ammonia and sensors for detecting CFC’s available.
The most common metal oxide used in the production o f semiconductor sensors 
is tin-oxide (SnC>2). Other sensors use Ga2 0 3 , working above 950°C for oxygen 
detection and between 600°C and 900°C for detecting different reducing gases. 
Some other metal oxides tested include ZnO, W 03 and Fe2 0 3 . Each sensor
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contains four basic elements, as illustrated in figure 2.7. The sensing metal 
oxide and its support, metal contacts (electrodes) for resistance measurement 
and a heater to achieve the operating temperature. The sensing material can be 
prepared in thick films using a screen-printing method, in thin films or as 
sintered elements. The operating temperature o f the heating element is selected 
to tune the sensing material for a specific set o f  gases. In order to reduce the 
humidity interference mentioned previously the heater is sometimes operated by 
pulsed voltage, so that it first reaches a high temperature able to remove water 
from the sensor and then at the operating temperature, where a sensor output 
reading may be taken. The Taguchi (TGS) gas sensor is a sintered n-type 
semiconductor bulk device and is probably the most commercially well known 
semiconductor resistive gas sensor. Figure 2.7 shows the construction o f such a 
typical semiconductor device.
Alumina
Chip
G - CO / HC's 
Sensing Layer
LG - NOx 
Sensing Layer
AFT - Screenwash 
Protection -— ^
Gold
Electrodes
Platinum Heater
Figure 2.7 Semiconductor resistive device.
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2.5 Paramagnetic Oxygen Detectors
There is a massive global demand for oxygen monitoring in all aspects of 
manufacturing, control and air quality. One o f  the most accurate methods for the 
detection o f oxygen levels is through the use o f paramagnetic analysis.
All substances possess some magnetic properties and will be either attracted to 
(paramagnetic and ferromagnetic) or repelled from (diamagnetic) the strongest 
part o f  a magnetic field. Each electron has a magnetic moment due to its orbit 
and spin. The molecules o f  most gases have an even number o f  electrons with 
paired spins so the individual moments cancel out and there is no permanent 
molecular magnetic moment. Interaction with an applied magnetic field alters 
the electron orbits and induces diamagnetism. Molecules with an odd number of 
electrons, such as NO, NO2, C102, are naturally paramagnetic. Oxygen is an 
unusual case as it has an even number o f  electrons, but when these are assigned 
to their molecular orbitals two are left with spins unpaired. Oxygen is therefore 
paramagnetic.
The influence o f  a magnetic field on a substance is measured by its 
susceptibility:
k = _ I 
H
Where k is the volume susceptibility, H is the intensity o f the field and I the 
intensity o f the magnetism induced in the substance by the field. Diamagnetic 
gases have a negative susceptibility; parametric gases a positive susceptibility 
about two orders o f magnitude greater. Listed below is a number o f  gases 
relative volume susceptibility.
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Ammonia -0.26
Iso-butane -1.30
Carbon dioxide -0.27
Carbon monoxide +0.01
Helium +0.30
Hydrogen +0.24
Methane -0.20
Nitric oxide +43
Nitrogen dioxide +28
Oxygen + 100
Table 2.1 Comparative susceptibilities of  gases
As can be seen from table 2.1 oxygen has the greatest susceptibility making it 
an ideal candidate for paramagnetic analysis.
The mass susceptibility x o f  a substance is inversely proportional to absolute 
temperature (Curie’s law). Since by definition k = px where p is the density, 
also inversely proportional to temperature, the relation o f volume susceptibility 
to absolute temperature is:
T
This relation is o f  fundamental importance to the thermomagnetic method, 
detailed shortly, and also emphasis that accurate measurements based on 
susceptibility need closer temperature monitoring.
The majority of paramagnetic based gas detectors combine the paramagnetic 
property with a heater and Wheatstone bridge detector. They are known as 
thermomagnetic or ‘magnetic w ind’ instruments. In these instruments wind gas
V •' *
flows through a cell which contains a heated element, or zone, in a strong 
magnetic field. When oxygen is present the gas is paramagnetic and therefore
‘lv'f i
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attracted into the magnetic field. Its magnetism decreases as it becomes hot, and 
it is displaced by more strongly cold gas. A continuous flow of gas or ‘magnetic 
w ind’ is thus set up and cools a temperature sensitive element. The flow rate 
depends primarily on the temperature and the magnetic field, which are fixed, 
and the susceptibility o f  the gas, which is proportional to the oxygen 
concentration. Other gas properties will also affect the heat transfer and thus the 
temperature o f the sensor that is actually measured. In a binary mixture or gas 
o f constant background the output will be directly proportional to the oxygen 
concentration. In mixtures where other components vary these variations may 
affect the output. The extent o f this effect will vary with the cell design and for 
many cases can be reduced to negligible proportions with careful thermal 
conductivity considerations.
There are two main detector designs based in the thermomagnetic method. 
Filament type and the ring chamber.
Filament type
The cell contains a detecting filament and a reference filament. The detecting 
filament is in a strong magnetic field, whilst the reference element is not. When 
no oxygen is present, or the magnetic field is absent, each filament is cooled to 
the same extent by natural convection from the gas diffusing into the cells. 
When oxygen is present in the sample, gas is attracted by the magnetic field into 
the detecting chamber where it is heated and become less magnetic. Cooler, 
more strongly magnetic gas is preferentially attracted, displaces the hot gas and 
in turn becomes heated. This magnetically induced flow adds to the cooling 
effect o f  the convection currents making the detector filament cooler and 
unbalancing the Wheatstone bridge. The resistance change is proportional to the 
oxygen concentration. This cell is very stable, simple and rugged. It is however 
directly affected by changes in background gas parameters, especially thermal 
conductivity and is not to streams where this changes markedly, for example in 
streams containing hydrogen.
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Magnet
Diffusion
screens
Filament Filament B
Figure 2.8 Paramagnetic oxygen cell, filament type 
Ring chamber
The ring chamber is an annular cell round both sides o f which gas flow. Across 
the centre is a horizontal glass tube connecting the two sides, with two heaters 
wound round it. One o f the heaters is in a strong magnetic field and both are 
made o f material such as nickel or platinum which can serves also as a 
temperature sensor. If  the tube is accurately horizontal there will be no gas flow 
across it i f  oxygen is absent. When oxygen is present the paramagnetic gas will 
be attracted from the left-hand passage into the magnetic field. In the tube it 
will be heated, become less magnetic, and be displaced by more magnetic, 
cooler gas. A continuous flow from left to right will result. This flow will 
transfer heat from the left-hand to the right-hand winding and so unbalance the 
Wheatstone bridge in which they are connected. The output will be proportional 
to the oxygen concentration, although it is not linear over wide ranges.
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Magnetic Gas out
Field
Figure 2.9 Paramagnetic oxygen cell, ring chamber
The output will also depend on the background gas. The output should be 
proportional to pCp/r), where Cp is the constant pressure specific heat, p the 
density and r| is the viscosity. The detector should be calibrated to allow for 
such factors. Values for pCp/r| relative to nitrogen and their corresponding 
bridge output can be obtained for each gas.
The ring chamber detector must be mounted with the cross tube horizontal. The 
effect o f  tilting, which causes other thermal currents, is severe and also 
dependent on background gas composition. A 1° tilt can be equivalent to about 
0.5 per cent oxygen. A zero shift can also occur through lack o f  thermal 
symmetry in the tube, which causes temperature changes as the thermal 
conductivity of the gas changes.
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The need to heat the gas in all thermomagnetic instruments is a disadvantage in 
applications where combustible or reactive components are present. Although 
filaments are generally glass coated and heater windings are outside the tube, to 
avoid corrosion and catalytic action, gases may burn react or polymerise on the 
hot surfaces. The heat associated with these reactions will alter the output o f  the 
bridge [Verdin 1973].
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3.1 Introduction
In this chapter the fundamentals and theories o f infrared gas monitoring will be 
presented. Infrared spectroscopy will be discussed in order to give an insight 
into how molecules absorb infrared radiation. The spectra of various gases along 
with the carbon-hydrogen bonds o f these gases will also be examined. The non- 
dispersive infrared technique (NDIR) for detecting the presence o f certain gases 
utilises the Beer-Lambert equation. This equation relates the amount o f  light 
absorbed to the concentration o f the absorbing substance. The equation is 
slightly modified to accommodate for non-absorbing wavelengths within the 
target gas spectrum. The NDIR method and also the theory and implementation 
o f  the Beer-Lambert equation will be detailed. The inherent characteristics of 
the pyroelectric detector are also described in chapter 3. The composition and 
behaviour of these detectors will be researched and presented. There will be an 
insight into the reasons for non-linearity with relation the gases spectra and 
finally the specific advantages o f  infrared gas monitoring will be listed.
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3.2 Infra-Red Spectroscopy
Infrared spectroscopy is the study o f  how molecules absorb infrared radiation 
and how the infrared spectra o f molecules can be interpreted to give information 
on molecular structure. Infrared radiation interacts with the vibration o f certain 
chemical bonds within a molecule, namely carbon-hydrogen bonds. The 
wavelength of the absorbed infrared radiation is dependent on the nature of 
these chemical bonds [Stuart 1996].
3.2.1 The energy and bonding of a diatom ic m olecule
In this section a diatomic molecule is described. This form of a molecule is 
picked to generally describe the energy states and bonding that occur within 
molecules. Also the vibrational and rotational levels are explained. These same 
concepts apply to carbon dioxide and hydrogen molecules, the gases of interest 
in this infrared gas detector project.
A diatomic molecule is one that contains two atoms. When two atoms combine 
to form such a molecule they maybe be said to do so because o f  an internal 
electronic arrangement. Put in other words it can be viewed as a balancing o f 
forces. Before two isolated atoms bond they possess potential energy, but as 
they move closer this potential energy drops off. Since energy must be 
conserved the corresponding kinetic energy increases as the two atoms 
accelerate towards each other. Each atom contains a positively charged nucleus 
and also a negatively charged electron ‘cloud’. As the atoms moves closer 
together there is on one hand repulsion between the positively charged nuclei of 
both atoms and also between their negative electron ‘clouds’. On the other hand 
there is an attraction between the nucleus o f one atom and the electrons o f the 
other, and vice versa. The two atoms settle at a mean inter-nuclear distance so 
that these forces are just balanced and the total energy o f the whole system is at 
a minimum. The atoms effectively become trapped in a potential energy well 
and are therefore bonded together. These bonded atoms retain some kinetic 
energy and are as a result free to move about in this potential energy well. 
However there is insufficient kinetic energy for the atoms to separate from each 
other. As the diatomic molecule collides with other “third-bodies” energy is
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be used to in relation to this stretching and compression. This bond, like a 
spring obeys hooks law.
f  = - k(r - req)
Where f  is the restoring force, k is the force constant and r is the inter-nuclear 
distance. However in the case o f the diatomic bond the energy curve is parabolic 
so the equation takes the form.
E = H k(r - req)z
This is the model o f  the vibrating diatomic molecule. In summary the frequency 
o f the vibration is related to the strength o f  the chemical bond and the masses 
attached to that bond. Absorption spectra arise from transitions from each o f 
these energy levels to the next. These transitions appear in the infrared region o f 
the electromagnetic spectrum. The diagram below shows the vibrational energy 
levels and the transitions between them for the carbon-hydrogen bond in 
methane [Hollas 1996].
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C-H bond length (Angstrom)
Figure 3.2 The vibrational energy level for carbon hydrogen bond in methane (CH 4)
The graph above plots the bond length, on the x-axis, with the energy levels (v) 
on the y-axis.
3.2.2 Rotational levels
The bond can, not only vibrate, but it can also rotate. It can be said to a good 
approximation that the rotational energy o f  a bond can be treated as independent 
o f  the vibrational energy. The rotation o f  a three dimensional body, a molecule, 
may be quite complex so it is convenient to divide it into rotational components 
around three mutually perpendicular directions through the centre o f gravity . 
Thus it can be said that a molecule has its principal moments o f  inertia, one 
about each axis, usually designated I a ,  1 b ,  I c .  Molecules can be classified into 
groups according to the relative values o f their three principal moments o f  
inertia. These groups are:
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• Linear molecules: These, as the name implies, are molecules in which 
all the atoms are arranged in a straight line. Examples include
hydrogen chloride (HC1), carbon oxysulphide (OCS) and carbon
dioxide (CO2).
H -  Cl 
O -  C -  S
The three directions o f  rotation may be taken as (a) about the 
bond-axis, (b) end-over-end rotation in the plane, and (c) end- 
over-end rotation at right angle to the plane. The plane taken 
as i f  looking down into the paper. It is se lf  evident that the 
moments o f  (b) and (c) are the same, Ib = Ic, while that o f  (a) 
is very small. It can be said that Ia = 0.
• Symmetric tops: Consider the molecule methyl-fluoride, where there is 
three hydrogen atoms bonded tetrahedrally to the carbon as shown 
below.
As in the case o f linear molecules the end-over-end rotation in 
and out o f the plane o f the paper are still identical. Hence IB =
Ic- However the moment o f  inertia o f  the C-F bond axis, which is 
the main rotational axis, is now not negligible. This is because it 
now involves the rotation o f three atoms o f  this axis. Such a 
rotating molecule about this axis can be imagined as a spinning 
top, hence the name o f the class.
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Symmetric tops: I b  = I c *  I a  I a  *  0
• Spherical tops: When a molecule has all three moments o f  inertia 
identical, it is called a spherical top. Such an example is the tetrahedral 
molecule methane C H 4 .
Spherical tops: Ia = IB = Ic
In fact these molecules can have no dipole moment owing to 
their symmetry. Rotation alone can produce no dipole change 
and hence no rotational spectrum is observable, (dipole moment, 
see below for explanation).
• Asymmetric tops: These molecules, to which the majority of
substances belong, have all three moments o f  inertia different.
Ia * Ib  *  Ic
Simple examples include water H2O and vinyl chloride
H
C
H
CH2 =  CHC1 [Atkins 1995].
O H
\  /
H
H H H Cl
There are two requirements for the absorption o f incident radiation by a 
substance: 1) the radiation must have precisely the correct energy to satisfy the 
energy requirements o f  the material, and 2) there must be a coupling (or
Chapter 3 Infra-Red Gas Monitoring
interaction) between the radiation and the substance. Radiation in the infrared 
region has the proper magnitude o f  energy to cause vibrational transitions in 
molecules and the first requirement for absorption is satisfied if  a given 
frequency o f  infrared radiation corresponds exactly to a fundamental vibrational 
frequency o f a given molecule. To satisfy the second requirement for 
absorption, the molecule must undergo a change in dipole moment when the 
fundamental vibration occurs. If no change in dipole moment occurs when the 
molecule vibrates there will be no interaction between the electromagnetic 
radiation and the non-electromagnetic molecule. In a situation such as this no 
absorption will take place regardless o f  the energy compatibility. Such a 
vibration is said to be infrared-inactive[ Freiss 1961].
The dipole moment /j. o f  two equal and opposite charges is defined as the 
product o f  the charge q and the distance r separating them.
H = q r
For a molecule it is the effective centre o f  the positive and negative charges that 
is important, r being the distance between those centres. Figure 3.3 below shows 
the linear molecule CO2. Fig. 3.3a shows that its dipole moment is zero. More 
important is that the change in dipole is zero when the molecule is 
symmetrically stretched, (Fig. 3.3b). Thus the symmetrical stretch o f  CO2 is 
infrared-inactive. On the other hand, as shown in Fig 3.3c, an asymmetrical 
stretch involves a change in dipole moment, and thus this mode o f  vibration is 
infrared-active.
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(a)
Oxygen Carbon Oxygen
m —  ~
(b)
Oxygen Oxygen
( C )
Oxygen Carbon Oxygen
 ► ■** ► ^  ►
Figure 3.3 Stretching of C 0 2, and it corresponding dipole moments [Maas 1972]
The rotational energy o f  a given molecule cannot have any arbitrary value. Its 
energy is limited to certain definite values, which depend on the shape and size 
o f the molecule concerned. Taking the simplest o f  linear molecules, the rigid 
diatomic molecule, the idea o f  an absorption spectrum arising from increasing 
rotational levels will be explained in detail.
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mi m2
Figure 3.4 A rigid diatomic molecule treated as two masses, ni] and m2 
Masses mi and m2 are joined by a rigid bar (the bond) whose length is:
r„ = ri + r2
The molecule rotates end-over-end about a point C, the centre o f  gravity. This is 
defined by the moment, or balancing equation:
mi rj = m2 r i
By the use o f an equation used in molecular spectroscopy, called the 
Schrodinger equation, it can be shown that the rotational energy levels allowed 
to the rigid diatomic molecule are given by the expression:
ej = BJ(J + 1) c m 1
B, the rotational constant given by:
B = h / 8 tc2I c cm '1 h is p lanck’s constant, I is the moment o f inertia for the 
particular molecule, c is the velocity o f  light. It is the differences between the 
energies or, more particularly in the corresponding frequency (Hz) or 
wavenumber ( c m 1), o f  the radiation emitted or absorbed as a consequence of 
changes between energy levels. In the rotational region, spectra are discussed in
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terms o f  wavenumber, so the energies concerned are expressed in these units. 
This rotational constant, B, is derived from the aforementioned Schrodinger 
equation.
The quantity J which can takes integral values from zero upwards is called the 
rotational quantum number. The reason for J to take on only integral values 
arises directly out o f  the solution to the Schrodinger equation and is by no 
means arbitrary. It is in fact this restriction that effectively allows only certain 
discrete rotational energy levels to exist in the molecule.
For J = 0 it can be plainly seen that ej = 0 and it can hence be stated that the 
molecule is not rotating at all. For J = 1, the rotational energy is ej = 2B and the 
rotating molecule has its lowest angular momentum. With increasing J values 
the rotational energy can be calculated and in principle there is no limit to this 
rotational energy. However in practice there comes a point when the centrifugal 
force o f a rapidly rotating diatomic molecule is greater than the strength o f  the 
bond and the molecule is disrupted. This point is not reached at normal 
temperatures however [Price 1974].
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F ig u re  3.5 The a llow ed  ro ta t io n a l  en erg ies  o f  a r ig id  d ia to m ic  m olecu le
Taking a molecule to be in the J = 0 state (the ground rotational state, in which 
no rotation occurs). If  incident radiation falls on the molecule it will be 
absorbed and it will be raised to the J = 1 state. The energy absorbed will be:
S j = i  -  G j = o
=> 2B -  0
=> 2B cm _1
In other words, an absorption line will appear at 2B cm . If now the molecule
is raised from the J = 1 to the J = 2 energy level by the absorption o f more
incident radiation it can be said that the required amount o f  energy is:
= 6B -  2B 
= 4B cm _1
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In general, to raise a molecule from the state J to state J + 1, we have:
Gj _> j  + , = B(J + 1 ) ( J + 2 ) - B J ( J  + 1)
= B[J2 + 3J + 2 -  (J2 + J)] 
g j _> j + i = 2B(J + 1 ) c m ' 1
Thus a stepwise raising o f the rotational energy, through the absorption o f 
incident radiation falling on a molecule, results in an absorption spectrum
consisting o f  lines at 2B, 4B, 6B ,...... cm _1, while a similar lowering will result
in an identical emission spectrum. Figure 3.6 illustrates this.
6 ------------------------------z----------
5
4  1  ----------------------
3  f  ---------------------------
^ A
: t —
0 4B 8B 12B c m '1
2B 6B 10B
Figure 3.6 Transitions between energy levels of a rigid diatomic molecule and the 
spectrum which arises from them [Kemp 1975].
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3.2.3 V ibration-R otation spectra
The combination o f  vibrational and rotational energy levels produce what is 
known as the vibration-rotation spectrum. In order to observe vibration-rotation 
spectra a molecule must have certain properties.
• A vibrational spectrum can be observed when the vibration produces a 
changing dipole moment. This dipole moment changes with the inter- 
nuclear distance. In general, heteronuclear diatomic molecules have 
dipole moment changes and so they exhibit vibrational spectra. 
Homonuclear molecules, such as H2 (hydrogen) and N 2 (nitrogen), have 
zero dipole moments for all bond length and therefore do not show 
vibrational spectra.
• A rotational spectrum can be observed when the rotor has a permanent 
dipole moment, for example HC1 displays a rotational absorption 
spectrum in the far infrared but N2 (which is also not infrared active) 
does not.
The absorptions o f  the incident radiation falling on a molecule can be put into 
groups called branches o f the spectra. The P branch consists o f  all energy 
transitions from the state J to the state J — 1. This branch hence consists o f  lines 
at -2B , -4B, -6B etc, with the intensity distribution reflecting both the 
population o f the rotational levels and the J — 1 <— J transition moment. The Q 
branch consists o f  all lines at J = 0, the ground state. The R branch consists of 
energy transitions from the energy state J to the state J + 1. This branch hence 
consists o f lines at 2B, 4B, 6B etc. The separation between the lines in the P and 
R branches can be measured to calculate the bond length between the atoms 
[Hendrickson 1970].
3.2.4 Infrared spectrum  of carbon dioxide
To explain the information presented so far in the preceding sections the 
infrared spectrum of carbon dioxide (CO2) will be detailed. By looking at this 
relatively simple spectrum the ideas and concepts presented thus far will 
become clear.
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CO2 is a linear molecule with no permanent dipole. There are 4 normal modes of 
vibration. The symmetrical stretching vibration V i  cannot cause a changing 
dipole moment, and therefore this mode o f  vibration is said to be inactive in the 
infrared. The molecules vibrate along the inter-nuclear axis in a symmetric 
manner. The twofold degenerate bending vibration v2 causes a changing dipole 
moment, and is therefore active on the infrared, giving rise to a fundamental 
absorption band at 667 cm '1. In this mode o f  vibration the atoms vibrate 
perpendicular to the inter-nuclear axis. This mode is doubly degenerate as there 
is a similar bending vibration normal to the plane o f  the paper. The anti­
symmetric stretching mode V 3 also causes a changing dipole moment and is 
observed in the fundamental absorption band at 2348 cm '1. The atoms vibrate 
along the inter-nuclear axis in an asymmetric manner. The stretch frequency is 
much higher than the bending one. This is a general result, because it is easier 
to distort a molecule by bending than by stretching, and the force constant is 
hence lower for a bending mode. The vibrational state o f the molecule is 
described by three quantum numbers, V i ,  v2 and V 3 , where V i  denotes the number 
o f vibrational quanta in the symmetric stretching mode, v2 the number o f 
vibrational quanta in the bending mode and V 3 the umber o f  vibrational quanta in 
the asymmetric stretching mode.
In addition to the fundamental absorption bands many combination and overtone 
bands occur in the infrared spectrum of C 0 2. These however have lower 
intensities than the fundamental [Rubeska 1971].
Symmetric stretch
Oxygen Carbon Oxygen
m — • — m
 ►
The atoms vibrate along the internuclear axis in a symmetric manner. Since this 
does not produce a changing dipole moment this vibration is said to be inactive 
in the infrared.
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Bending mode
Oxygen
t m
Oxygen
The vibration o f  the atoms is perpendicular to the internuclear axis creating a 
changing dipole moment. This mode is doubly degenerate and there is a similar 
bending vibration normal to the page. The fundamental absorption for this 
vibration occurs at 14.986 microns.
Asymmetric stretch
Oxygen Carbon Oxygen
^  ► *  ►
The atoms vibrate along the internuclear axis in an asymmetric manner creating 
a changing dipole moment. The fundamental absorption for this vibration occurs 
at 4.25 microns and is the target absorption band for the carbon dioxide sensors. 
Note that the stretch wavelength is much shorter than the bending wavelength; 
this is because it is easier to distort a molecule by bending than by stretching 
and the force constant and subsequent energy requirement for the bending mode 
is much lower.
The presence o f  the P and R branches caused by rotational level changes is 
clearly illustrated in the asymmetric stretch region o f  the infrared spectrum, 
figure 3.7
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Figure 3.7 Carbon Dioxide Spectrum showing P and R branches
Below is shown the infrared spectrum for a variety o f hydrocarbon type
gases.
Methane Absorbance
Relative
Intensity
Wavenumber (cm '1)
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Relative
Intensity
Wavenumber (c m 1) 
Ethane Absorbance
Relative
Intensity
The optical filter fitted on the hydrocarbon pyroelectric has a passband o f 3.0 to
3.5 micron. This is optimally chosen to detect the hydrocarbon gases that absorb 
in this region.
3.3 Beer-Lambert Law
Light incident upon a macroscopic system can be reflected, transmitted, 
refracted, scattered or absorbed. The fraction o f incident light absorbed depends 
on the thickness o f the medium that is traversed. The law o f  absorption,
Wavenumber (cm '1)
Propane Absorbance
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originally stated in 1729 in a memoir by P. Bouguer, was later rediscovered by 
Lambert. It can be expressed by [Olsen 1975]:
- d l = bdx 
I
Where I is the intensity o f the light at a distance x from its entry into the 
medium, and b is called the absorption coefficient. On integration with the 
boundary condition I = Io at x = 0, we obtain:
I = I0e'bx
Thus
In I = In x = -bx 
Io
Where x is the internal transmittance.
Using decadic logarithms this can also be defined.
log I = log T = -ax 
Io
Where ‘a ’ is the absorption coefficient.
In 1852, Beer showed, that for many solutions o f absorbing compounds in 
practically transparent solvents, that the coefficient a is proportional to the 
concentration o f solute c. Thus the Beer-Lambert law is:
log I = -sex 
Io
Where c is the molar concentration and e is called the molar absorption 
coefficient. The molar absorption coefficient is defined as the absorbance o f  a 
1M solution in a 1cm cell. Absorbance is thus seen to be directly proportional
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both to the concentration o f the absorbing species and to the thickness o f the 
absorbing medium. This however is only obeyed strictly for monochromatic 
light [Allen 1968].
According to the Beer-Lambert law, absorbance is linearly related to the 
concentration o f the absorbing species, c, and the path length, b, o f  the radiation 
in the absorbing medium. That is:
A = log(P0/P) = abc
Where a is a proportionality constant called the absorptivity
All o f  the above is however only obeyed for strictly monochromatic light. In 
practice it is not only monochromatic radiation which is measured but all the 
radiation in a definite frequency interval (“ spectral bandwidth”) isolated by the 
application o f  a monochromator or filter. In the case o f  the pyroelectric used in 
this project a filter is utilised to create a frequency passband which is 
specifically tuned for the target gas. Therefore some wavelengths within the 
passband may not be absorbed. This are referred to as non-absorbing 
wavelengths and they have two main sources.
• Spectra where there are non absorbing wavelengths interspersed with 
absorbing wavelengths (eg: carbon dioxide or methane )
• Where the passband o f the optical filter is wider than the absorption 
peak o f  the target molecule. This allows non-absorbing wavelengths, 
each side o f the absorption peak, to contribute to the overall signal.
Rearranging the intensity law described above leaves:
I =  Io e ' Gcl
Taking into consideration the effect o f  the non-absorbing wavelengths modifies 
the intensity law to the form:
I = Io* ((1-S) * e sc' + S )
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Where S is the contribution to the signal intensity caused by the effect o f  the 
non-absorbing wavelengths. The (1 -  S) factor constitutes the range o f the 
absorbing wavelength contribution. This (1 -  S) factor now constitutes a span 
level. This span control can be tuned to detect for a range o f  concentration 
levels. By increasing the span figure it, in a sense, it has the effect that there is 
more absorbance occurring then there physically is. In other words the 
absorbance o f infrared radiation by the target gas can be attenuated or amplified 
to achieve the desired gas concentration in the presence o f the target gas. These 
span factors are calculated by inserting various span figures into the intensity 
law until the desired output from the equation is achieved. For the carbon 
dioxide instrument, which is set up to detect a range o f 0 -  5%, it is 0.2, and for 
the hydrocarbon infrared detector, which is set up to detect a range o f  0 -  100% 
LEL, it is 0.386.
The exponential factor is also modified by a power factor. Since the passband 
used in the detector observes a range o f wavelengths there is a summation o f the 
product -ee l .  This product in inseparable for each individual wavelength. The 
exponent o f  the summation is converted into a usable form via the relationship:
exp( [ed] ) = exp( -ax^  )
/? is a spectrum related constant specific to the target gas.
3.3.1 Determ ining the gas concentration
The above discussion leads to the following modification to the intensity law:
I = I0 * ( ( l -S ) * exp(-ax p )  + S)
So in order to use this relationship the individual components are defined as
follows:
I = Intensity o f the detector signal. This is the peak to peak value o f the 
detector output which is modified by the presence o f  the target gas.
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I0 = Intensity o f  the detector signal in absence o f  the target gas. This can be 
determined from the peak to peak value o f  the reference output Ir  and the peak 
to peak value o f both the detector and reference outputs in the absence o f  target 
gas. This should be continuously monitored using the correlation I0 = Ir * (I / Ir)o 
where (I / Ir)o is the ratio o f detector output to reference output in the absence of 
target gas and can be denoted by the symbol Z, which constitutes a zero level.
S = Non absorbing wavelength contribution to the signal. The range o f  the 
absorbing contribution is defined by (1 -  S) which constitutes a span level, 
x = Target gas concentration in units defined by the units o f a. 
a  = Exponential constants that also defines the units o f  the target
concentration.
p = Power constant dependent on the spectrum of the target gas.
Therefore in terms o f  terms o f  the signals from the detector, I and Ir ( in a dual 
pyroelectric detector system, with an active detector and a reference detector), 
this results in the relationship:
( I / ( z * Ir ) . s ) / ( 1- S ) = exp(-ax **)
The gas concentration can now be found by the rearrangement o f the above 
formula:
x = (-In { ( I /( z *Ir) . S) / (a * (1 - S)) } )1/B
Where x is the gas concentration, Z is the zero factor equal to (I / Ir ), S is the
span factor equal to the asymptote o f  the ratio change with increasing gas 
concentration, a is a constant and P is a constant.
The intensity law can be rearranged to produce the equivalent relationship in 
terms of absorbance, where absorbance is defined as ( 1 -  I / ( Z*Ir ) ):
( 1 -  I / ( Z*Ir ) )  = ( 1 - S ) ( 1 - *  exp(-ax )
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The gas concentration, x, can therefore be found from the rearrangement:
x = ( -In { ( 1 - ( 1 -  I / ( Z*Ir ) ) / ( l - S ) } / a ) ,/B
In this case the span is equal to (1 -  S) and all other factors and constants are as 
described above [Stroud 1993].
3.4 Deviations from the Beer-Lam bert Law
The linear relationship between absorbance and pathlength at a fixed 
concentration is a generalization for which there are few if  any exceptions. On 
the other hand, deviations from the direct proportionality between absorbance 
and concentration (when the pathlength is constant) are frequently observed. 
Some o f these deviations are fundamental and represent a real limitation to the 
law. Other occur as a consequence o f the manner in which the absorbance 
measurements are made (instrumental deviations) or as a result o f  chemical 
changes associated with concentration changes (chemical deviations) [Shriver 
1999].
3.4.1 Real lim itations to the Beer-Lam bert law
The Beer-Lambert law is successful in describing the absorption behaviour of 
dilute solutions only and in this sense it is a limiting law. At high 
concentrations the average distances between ions or molecules o f  the absorbing 
species are diminished to the point where that each particle affects the charge 
distribution o f its neighbours. This interaction can alter their ability to absorb a 
given wavelength o f  radiation. Because the extent o f  interaction depends on 
concentration, the occurrence of this phenomenon causes deviations from the 
linear relationship between absorbance and concentration. In general the Beer- 
Lambert law is used for detecting concentration below 10' 2 M. The two infrared 
detectors designed through the course of this project detected low 
concentrations, 5% CO2 and 100% LEL CH4. When the two detectors are 
exposed to over 70% and 10% by volume respectively the response o f the
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detector becomes noticeably flatter, as a result o f  the reasons outlined 
previously.
3.4.2 Instrum ental lim itations
Indeterminate instrumental variations which cause apparent deviations include
• Stray radiations reaching the detector (reflected within the instrument)
• Sensitivity changes in the detector
• Power fluctuations o f the radiations source and detector amplification
system
• Instrumental deviations which occur from the use o f polychromatic
radiation
The dual pyroelectric detector used in this project eliminates the occurrence, to 
an acceptable level, o f  the second and the third deviation cause. The problem o f  
stray radiation is a more unavoidable instrumental cause o f deviation.
As mentioned previously the Beer-Lambert only stays true to absorbance 
measurement with monochromatic radiation. Truly monochromatic sources, such 
as lasers, are not practical for routine analytical measurements due to the high 
costs associated with producing such sources. In most cases a polychromatic 
continuous source is employed in conjunction with a filter that isolates a band 
of wavelengths around the particular wavelength o f interest. Unless the molar 
absorptivity is invariant within the wavelength band used, the absorbance 
measured is an “average” absorbance over the band. Due to the logarithmic 
nature o f absorbance, this is not a true average. The greater the slope of the 
absorption curve through the wavelength band, the greater the deviation.
Figure 3.8 demonstrate that the shape o f  the calibration curve often depends on 
the bandwidth.
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Figure 3.8 Effects of finite bandwidth [Hart 1995]
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Two filters with wavelength ranges o f  equal width are designated A,i and The 
best wavelength for quantitative analysis is A,i, for two reasons. First, at the 
absorption maximum the change in absorbance with concentration is at a 
maximum, this yields greater sensitivity and higher accuracy. Secondly, within 
this band the molar absorptivity is relatively constant and a linear calibration 
curve is obtained as shown in figure 3.8 (b). However i f  a wavelength is 
selected on the side o f an absorption peak, e.g. X2 in figure 3.8a), the molar 
absorptivity varies across the band. At this wavelength the system does not 
follow the Beer-Lambert law and a curved calibration plot is obtained, as in 
figure 3.8 (c). Narrow band widths are hence desirable for best accuracy, but as 
the band is decreased less energy reaches the detector. Consequently there is 
always a trade off between accuracy, sensitivity and detector requirements. In 
the case o f the filter used in the pyroelectric for the infrared gas detector a 
broad pass band was deployed for the S500-IR hydrocarbon instrument. A filter 
o f  centre frequency 3.3|J,M with 200nM each side o f  this centre frequency was 
used for the active pyroelectric. For the reference pyroelectric a filter o f  centre 
frequency 3.95(iM with 90nM each side was used to create the band-pass. This 
was because a variety o f  hydrocarbon gases were required to be detected. In the 
case o f  the IR80 CO2 detector a filter with a much tighter pass band was used on 
the active pyroelectric. 4.24^M  centre frequency with 140nM pass band in total, 
70nM each side. The same reference filter as the S500-IR was used.
These deviations are overcome in the infrared gas detector through the use o f 
the linearization constants in the modified Beer-Lambert equation, which is used 
in calculating the gas concentration. The span constant in the formula can be 
tweaked to give the desired concentration. Also the power constant takes into 
account the range o f wavelengths that the passband on the pyroelectric detector 
incorporates. If the target gas has a spectrum whose continuum completely 
envelopes the optical bandwidth o f the sensor (3.1 - 3.5 microns) then the power 
term would be equal to unity. In reality however the spectrum of most gases is 
made up of absorbing wavelengths and non-absorbing wavelengths as explained 
previously. The mean value o f the molar absorptivity multiplied by the 
pathlength, ( el ), is adjusted by the power o f this constant.
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3.5 Pyroelectric Detector Characteristics 
The Pyroelectric Effect
A pyroelectric detector contains a noncentrosymmetrical crystal, which below 
its curie temperature, exhibits an internal electric field (or polarization) along 
the polar axis. This electric field results from the alignment o f electric dipole 
moments. Heat resulting from radiation absorption produces thermal alteration 
o f the crystal lattice spacing, which in turn changes the value o f  the electric 
polarization. The surface o f the crystal normal to the polarization axis then 
develops a polarization charge. If  electrodes are applied to these surfaces (one 
of the electrodes must be infrared-transparent) and connected through an 
external circuit, free charge will be brought to the electrodes to balance the 
polarization charge, thus generating a current in the external circuit. The 
detector comprises o f a thin plate o f pyroelectric material between two 
electrodes, forming a capacitor. The high impedance is reduced, by mounting 
the subassembly in an enclosure that contains a field effect transistor connected 
as a simple source follower and a matched load resistor [Cima 1993].
When the change in temperature AT is uniform throughout the pyroelectric 
material in question the pyroelectric effect can be described by means o f  the 
pyroelectric coefficient, which is a vector p with the equation
AP = pAT
where P is the spontaneous polarization.
For the purposes o f the infrared gas detector project this effect is used to detect 
changes in incident radiation. When the detector absorbs radiation its 
temperature and hence its polarization changes resulting in a surface charge on 
the capacitor plates.
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J F E T ’ s
Figure 3.9 Pyroelectric detector
If  Ad is the area o f  incident radiation and the detector thickness b is small 
enough so that the temperature gradient in it is negligible, then the charge 
induced will be
AQ = AdAP 
= pAdAT
where AT is the increment in temperature o f  the detector. The resulting voltage 
on the capacitor will be
v0 = RvPi
Pi is the power the incident radiation when it is pulsating.
Rv is the responsivity or voltage sensitivity that is given by:
Rv = ap  t
CesA v l + (cox)2
a  = the fraction incident power converted into heat 
p = the pyroelectric coefficient for the material 
t = the thermal time constant
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Ce = the volumetric specific heat capacity 
s = the dielectric constant
co = the pulsating frequency for the incident radiation
As with other radiation detectors, pyroelectric sensors are also sensitive to 
thermal noise. Thermal noise comes from the random motion o f  free electrons 
within the pyroelectric sensors itself. The energy for this electron motion comes 
from the thermal energy o f the surrounding air. The noise equivalent power 
(NEP) is the equivalent input power yielding an output response that in a given 
bandwidth equals that of thermal fluctuations in the detector. The detectivity is 
D = 1/NEP. This NEP depends on wavelength, operating frequency, temperature 
and noise bandwidth. For an ideal detector with area Ad cm , at ambient 
temperature the NEP is about 5.5 * 10'11 v Ad (W/vHz). The D* (D-star) 
parameter normalizes the NEP to a given constant area.
D* “ v Ad 
NEP
Where thermal noise becomes an issue is when the ambient temperature 
surrounding the pyroelectric rises. Temperature compensation techniques are 
required to negate such effects and these compensation techniques are discussed 
in detail in chapter 4 (4.4.6 Temperature Compensation). The other factors 
previously mentioned which affect the NEP are negligible with regard to 
integration into the infrared gas detector [Liu 1978].
Figure 3.7 illustrates the expected output o f the pyroelectric detector when 
exposed to incident radiation.
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Figure 3.10 Pyroelectric output when exposed to incident radiation.
A pyroelectric detector responds to a change in incident radiation, which 
induces a change in temperature. If  the pyroelectric is subjected to a single 
pulse o f incident radiation the output reaches a maximum and then decays off  at 
a rate determined by the thermal and electrical time constants o f  the detector. 
When the incident radiation is subsequently removed the signal follows the 
same characteristics but in the negative direction. This reverse in polarity o f  the 
signal is a result o f  the cooling o f  the pyroelectric surface during the dark 
phase. As it cools the charge on the pyroelectric element becomes negative. In 
order to obtain a usable signal, i.e. sinusoid signal, from the pyroelectric the 
incident radiation needs to be pulsed on/off. The frequency o f  the pulsating 
radiation and the output signals obtained are described in chapter 4 (4.4.3 
Infrared Lamp Driving).
Figure 3.11 Pyroelectric output with pulsating incident radiation
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Pyroelectric materials include triglycine sulpate (TGS), deuterated triglycine 
sulphate (DTGS), LiTaC>3, LiNbC>3 and some polymers. Generally TGS and 
DTGS show superior features but have limited use because o f  their hydroscopic 
nature and low Curie points (approximately 49°C). For ease in handling and 
higher Curie points LiTaC>3 or LiNbC>3 is frequently used. With a 100MQ load 
resistor the response time is 1msec and responsivity (ratio o f  detector output to 
incident radiation) is about 100. Unlike other thermal detectors, the pyroelectric 
effect depends on the rate o f  change o f the detector temperature rather than on 
the detector itself. This allows the pyroelectric detector to operate with a much 
faster response time than other detectors would allow. Its also means that this 
type o f detector responds only to changing radiation that is chopped, pulsed or 
otherwise modulated. So this means that it ignores steady background radiation.
3.6 Advantages of Infrared Gas M onitoring
The main advantages o f infrared gas monitoring are listed below:
• Technique is highly selective for the target gas, no fear o f  interference 
from other gases.
• NDIR detectors do not suffer from any known poisoning effects, not 
damaged by silicones, lead compounds, etc
• Ability to operate in the absence o f  oxygen or in enriched oxygen, unlike 
catalytic based detectors.
• Ability to operate in continuous presence o f gas, unlike electrochemical 
methods.
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Implementation
4.1 Introduction
4.2 Requirements
4.3 Technologies
4.4 Design of the instrument
4.5 Serial communications
4.6 Summary
4.1 Introduction
Chapter 3 provided a look at the history o f  the Non-dispersive infrared 
technique for monitoring gas. A review o f  the chemistry involved was provided 
to give an insight into the specifics o f  the Beer-Lambert equation. In chapter 2 
we discussed the various technologies used in gas detection. This chapter 
identifies the functional and non-functional requirements o f  the project. These 
requirements are proposed improvements on the existing infrared gas sensing 
technology currently available. The technologies used in the development o f  the 
system will be discussed. Then the design o f  the instrument will be detailed 
covering both mechanical, hardware and software aspects. Finally a summary 
about the implemetation o f the detector will be presented.
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4.2 Requirements
The requirements o f  the infrared gas monitor can be broken up into two 
sections: functional and non-functional requirements. The functional
requirements outline the characteristics and behaviour o f  the proposed system. 
The non-functional requirements are constraints that need to be imposed on the 
project. These constraints will be imposed for a number o f  reasons. The main 
ones being: compatibility with existing Monicon Technology products currently 
in the field, budgetary considerations for the overall project, industry standards 
that must be adhered to, customer feedback relating to the overall operation o f  
the instrument and also the rules imposed by national standards in the 
certification requirements o f gas detection instruments.
Given the nature o f the project the infrared unit must supply an industry 
standard 4-20mA analogue output and have alarm relays rated for mains 
operation. In addition the instrument must have full serial communication 
capability. Various protocols have being investigated to isolate the most 
suitable one for this project, and are detailed towards the end o f  the chapter.
The peak to peak calculation o f the sine wave outputs from the pyroelectric 
detectors needs to be highly reliable and accurate. One interactive way is to 
phase lock the time that the analogue to digital converter (ADC) readings are 
taken to the high and low points o f  the sine wave. Another solution to the 
problem may be to time slice the sine wave into a number o f  slices, which could 
be used to accurately monitor the waves and detect anomalies and spurious 
spikes with a view to negating such effects.
In order for the instrument to be reliable and accurate it must not deviate too 
much from the ideal linear response. Each gas has unique deviations in 
linearity. Hence software techniques must be implemented to compensate for 
such deviations. Manipulation o f  the Beer-Lambert law will probably be the 
optimum solution to the linearity problem in conjunction with careful and 
precise design o f the optical cavity. The optical cavity houses the pyroelectric 
detector and the infrared lamp source The infrared lamp source is a thin walled 
tungsten halogen source.
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Temperature effects on the sensor can cause undesirable effects and it is a 
requirement o f  this project to provide temperature monitoring o f the 
pyroelectric and associated components o f the sensor, and to compensate for 
any changes in signal integrity. This is especially important as the instrument 
will be certified EExd IIC T6 , and it must operate as normal in a temperature 
range o f -20°C to +50°C.
Zero drift is an inherent problem in some commercial gas detection monitors. 
The problem, which will never be totally eliminated, will however need to be 
addressed and looked into.
4.2.1 Functional Requirements
The proposed infrared gas monitoring instrument should meet the following 
requirements:
• The infrared gas monitor should be a fully functioning commercially 
viable gas detector. It must contain two mains rated alarm relays, a 4- 
20mA analogue output, a user configurable menu and full serial 
communications capability.
• The sensor head must include a thermistor at the pyroelectric detector for 
the monitoring o f temperature transients. Temperature compensation must 
be incorporated in the firmware.
• The instrument must maintain full compatibility with existing Monicon 
Technology gas detectors currently in the field and in production.
• A linear response, with minimal deviations from the ideal response, right 
through to full scale is an essential requirement for the instrument.
• False alarms as a result o f  noise or spurious response patterns must be 
eliminated.
• The instrument must provide full diagnostics for the following 
conditions. Sensor failure, thermistor failure, low supply voltage, 
EEPROM write or read failure, excessively negative zero drift and a gas 
concentration over range situation.
• Peak to peak calculation o f  the pyroelectric output wave signal must be 
extremely accurate and reliable.
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• The instrument should have a relatively quick T90 (length o f  time the 
detector takes to detect 90% of the target gas concentration). T90 o f less 
than 30 seconds must be achieved.
• An 8-digit alphanumeric LED dot matrix display must be used to display 
instrument status, menu: etc.
• The electronics are required to be housed in a rugged yet aesthetically 
pleasing enclosure that is IP65 rated.
4.2.2 Non Functional Requirem ents
In addition to the functional requirements, there are several non-functional 
requirements that must be adhered to. These are as follows:
• The instrument should run on a 18-30V dc supply. Reverse polarity 
protection should be included.
• The target firmware must be written in C and developed using the IAR 
compiler/linker.
• The microcontroller used in the system should be an 8-bit flash 
microcontroller.
• The infrared gas detector should be relatively low cost and comparable 
with competitor’s infrared detectors on the market.
• Design for manufacture should be a key constituent in the design process.
• The instrument should be protected from any RF interference and should 
comply with the standard EN 50082-1: 1992.
• The firmware should be initially developed using the Ashling C51 
emulator.
• The target gas used in the development o f  the detector must be mixed 
using Mass Flow Controllers (M FC’s). They must have a divide ratio o f  
100:1 when mixed with the diluent.
Chapter 4 Implementation
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4.3 Technologies
The overall architecture for the infrared gas detector is given in figure 4.1 and a 
description o f  each module is provided below. The technologies used to design 
and develop the instrument are also given.
Gas Srea m
Hill
Figure 4.1 Infrared detector system architecture
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The optical cavity used to collect the gas sample will need to precisely designed 
and engineered. This cavity will house the infrared light source, the reference 
and active pyroelectric detector and the thermistor used for temperature 
monitoring. The infrared light source is controlled through an interrupt driven 
square wave from the processor and its frequency needs to be extremely stable 
and consistent to achieve good signal stability and integrity. Signal conditioning 
and amplification is applied to the low level signals (mV) from the 
pyroelectrics. The analogue to digital converter (ADC) digitises the analogue 
signals bringing them into the microcontroller for analysis and processing. An 
EEPROM is included to save user set variables to non-volatile RAM, e.g.: alarm 
set points, alarm latch/non-latch, serial communication unit address etc. Two 
switched mode power supplies (SMPS) are required, one to provide 12V drive to 
the relays, op-amp gain circuitry and 4-20mA analogue output circuitry. The 
other SMPS provides a 5V output to drive all the CMOS digital ICs. The 4- 
20mA analogue output is controlled by the digital to analogue converter which 
receives its commands from the microcontroller. The 4-20mA output signal has 
a load capability o f 500 ohms. An 8-digit dot matrix LED alphanumeric display 
is used to display the instrument current status. The instrument has 4 pushbutton 
switches. They are named CAL, SET, ACCEPT and RESET. On power up the 
instrument goes into normal operational mode. Pressing CAL will put the unit 
into calibration mode. In this mode the menu can be scrolled through by 
repeatedly pressing the SET button. Fig 4.2 shows the layout o f  the software 
menu.
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Figure 4.2 Menu Layout
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Alarm 3 is a software alarm. There is no physical relay available for the alarm. 
This was included for a possible future extension to the firmware, in which the 
level o f  alarm 3 could be monitored over the serial port. The ACCEPT and 
RESET pushbuttons each have a dual function. When the instrument is in 
normal operational mode the RESET switch resets a latched alarm, when the gas 
concentration has dropped below the alarm setting. A little bit o f  hystersis is 
added to the alarm setting so it actually comes out o f alarm when it drops below 
the alarm setting minus 5% of the full scale. In normal mode the ACCEPT 
button accepts an alarm condition and can be used to switch in annuciators, 
beacons, etc that may be attached to the open collector output. When the 
instrument is in calibration mode the function o f the ACCEPT and RESET 
switches is to adjust the user configurable settings in the menu, alarm set points 
etc. When in calibration mode pressing the CAL switch again will save the 
adjust variables to non-volatile RAM (EEPROM) displaying a message on the 
display as it does so.
All embedded systems use either a microprocessor or microcontroller for the 
computation and transfer of data between devices. A microcontroller is a chip 
with a microprocessor and a set o f  peripherals such as serial ports, timers, RAM 
and ROM. Since most embedded systems usually require the device to be as 
compact and cheap as possible, a microcontroller is the logical choice. The 
microcontroller used for the infrared gas monitor is the Atmel AT89C51RD2. 
The AT89C51RD2 is a high performance 8-bit microcontroller. Its main on­
board peripherals include a clock doubling facility, up to 2048 bytes o f  RAM, 
internal watchdog timer, serial communication port and multiple timers [Atmel 
1999].
The IAR tool chain provides compilers, assembler, librarian and linker for a 
wide range o f  processors. For the infrared gas monitor the IAR Embedded 
Workbench for 8051 will be used. Used in conjunction with this is the IAR C- 
SPY high level language debugger and also the Ashling C51 emulator.
The firmware is broken down into seven distinctive units integral to the 
instrument. The serial communication module deals with interrogations from a 
master unit. The module is set up as an interrupt driven process in which the
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code vectors to a serial port handler when it detects data on the serial port. 
However the square wave drive to the infrared lamp source is set up as a timer 
interrupt process. Hence the serial port handler is given a lower priority then the 
timer interrupt process. The reason being that the accuracy o f  the drive 
frequency to the infrared lamp is crucial to ensure the pyroelectric output is 
stable and o f good integrity. The linearization section takes care o f  the non­
linear problems that are associated with the gas fractional absorbance. An ideal 
response, or as close as, is desired here and techniques into achieving these 
results is presented in chapter 3. Temperature compensation is also addressed 
with the aid o f the thermistor located in the optical cavity. The thermistor will 
be fed into an ADC and a temperature calculated from the reading. Fast falling 
temperature increases or decreases as well as slow gradual changes can have 
serious effects on the pyroelectric and software as well as hardware techniques 
will be deployed to negate the effects o f  such phenomena. The peak to peak 
detection will include a rolling 16-way buffer with advanced true peak detection 
firmware. Through the use o f  this rolling buffer signal spikes and transients can 
be observed and analysed to determine their true nature and hence discarded if  
they prove to be spurious noise. Zero drift and full span drift compensation will 
make up another o f  the software modules. The analysis o f  lamp intensity and the 
condition o f  the optics will be factored in when compensating these drift 
characteristics. Source ageing is also a factor in zero drift and this phenomena 
will be investigated. Successful implementation o f this module will result in a 
far more stable and accurate instrument and also will increase the time between 
re-calibration by the service engineer. Predictive response will be addressed 
with the aim o f  providing a fast T90. A high level gas response will be 
extrapolated by monitoring low level response rates and patterns. DSP (digital 
signal processing) algorithms will be used in this analysis. Finally the normal 
house keeping duties of the microprocessor make up the final software module. 
Duties such as the watchdog timer, menu facility, instrument error detection and 
4-20mA analogue output all take place in the background.
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4.4 Design of the Solution
The design o f the solution can be broken up into two parts: hardware and 
software. These are discussed in the following sections.
4.4.1 Hardware
Through prototyping the solutions using different technologies the hardware 
specification for the infrared gas monitor was finalized as follows:
• Atmel AT89C51RD2 microprocessor
• 1Kbit EEPROM
• 12-bit Analogue to Digital converter
• 2 * SPST Relays rated @ 240V AC 3A
• 4-20mA current output
• Microprocessor monitor (brown-out detection)
• 2 * switched mode power supplies (buck regulator type)
• High precision op-amp amplifier circuitry
• 8-digit alphanumeric LCD display
After the design was finalized a Printed Circuit Board (PCB) was required. A 
software package called Power Logic was used to draft out the circuit diagram 
and this was then exported into another software package called Power PCB to 
layout and route the board. Both packages are by Mentor Graphics. For initial 
prototyping and verification o f  the completed layout a prototype board was 
created using a micro-milling machine, which milled and drilled out the design. 
Input information gathered from the gerber files o f  the layout files was used to 
achieve this and the machine used was the LPKF Protomat C30. Careful layout 
o f the board was essential for proper operation. The high frequency tracks o f  the 
switched mode power supplies needed to be routed as short as possible in order 
to minimise the pickup o f noise. Care also needed to be taken to route the high 
voltage tracks from the relay contacts at an appropriate distance from 
neighbouring tracks. As well as the main CPU printed circuit board a small 
board was required to accommodate the pyroelectric detectors and the infrared 
lamp. This board consisted o f  three low pass (resistor, inductor) filters and an 8-
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way 2mm pitch ribbon cable to transfer the signals and power to and from the 
board. The idea o f  the low pass filters was to eliminate any radio frequency 
interference (RFI) interfering with the pyroelectric sine wave output, keeping in 
mind that the output is a low level signal, approximately 6-7mV. Values o f luF  
and 47mH were picked to give a cut off  frequency o f  about 734Hz, enough to let 
the 3.1Hz pyroelectric outputs through but block higher frequencies that could 
be detrimental to the signals. When the two boards were fully prototyped they 
were built, populated with all the components and electrically tested by 
Monicon Technology’s in house manufacturing facility.
4.4.2 O ptical Cavity Design
The design o f  the optical cavity to house the pyroelectric detectors and the 
infrared lamp source was imperative to the success o f  the project. In order to 
achieve quality output signals o f  good integrity careful engineering o f  the cavity 
was required. In order to keep in compliance and have compatibility with 
M onicon’s existing accessories the optical cavity was going to be located inside 
a cylindrical shaped enclosure made from stainless steel 303. The diameter o f  
the enclosure is 42mm. A CAD drawing o f  the enclosure can be observed in the 
appendix.
From the outset one o f the most critical components o f  the cavity’s design was 
the path length. As discussed in chapter 3 the longer the path length through 
which the target gas has to travel, the more infrared radiation that will be 
absorbed by the target gas. The more infrared that is absorbed by the target gas 
results in a greater reduction in the output signal. This is due to the lower 
amount o f  light reaching the pyroelectric detector.
The optical cavity hence needed to have the longest path length achievable 
within the confines o f  the sensor body enclosure. Prototyping o f  the cavity was 
carried out in Monicon Technology. The availability o f  a CNC vertical mill and 
a CNC lathe aided this process tremendously. Initially the cavity was made from 
aluminium. The reflective surface o f  the aluminium provided an excellent 
medium in which the infrared light could travel. Also the aluminium did not 
absorb or “soak” any o f the light, which in turn fully illuminated the chamber 
providing a high intensity o f light to the pyroelectric detector. The formation of
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condensation droplets in the interior o f the optical cavity was avoided by the 
heating effect o f  the filament light source. The formation o f  droplets on the 
interior o f  the cavity will produce a lensing effect which will alter the 
pathlength o f  the cavity. The cavity was always approximately 10 degrees 
celsius higher then the ambient temperature due to this effect. Extensive 
temperature cycling tests with simulated humidity conditions were carried out to 
validate this, and the results proved positive. Droplets o f  moisture forming 
inside the cavity would be detrimental to the transmission o f  infrared through 
the cavity and hence affect the sensors performance. The notion that a heating 
element, which was adopted in the early design stages, might be needed to 
prevent condensation was duly dropped and shelved.
However as the aluminium optical cavity was subjected to accelerated ageing 
techniques, in Monicon Technology’s research and development lab, it was 
found that the aluminium cavity was prone to corrosion and degradation through 
natural environmental means. The result o f  which has an adverse affect on the 
operation o f  the infrared gas detector. Signal output from the pyroelectric 
detectors decreased as less intensity o f  infrared radiation reached the 
pyroelectrics. This in turn reduced the sensitivity o f  the instrument. Hence other 
materials were investigated which would provide a non-corrosive yet highly 
reflective surface to aid the transmission o f the infrared radiation through the 
cavity. After researching numerous materials including platinum, silver and 
alloys types, it was decided that the most suitable would be gold. The optical 
cavity was to be constructed out o f  polycarbonate material with gold plating on 
the external walls o f  the cavity. This gold plating provided excellent properties 
for the transmission o f  the infrared radiation through the chamber. G old’s 
resistance to corrosion made it an ideal candidate for the rugged and punishing 
environments that the detector may be placed in. The gold plating process was 
carried out by a third party metallurgy company.
As mentioned earlier the optical cavity was to be located inside a cylindrical 
shaped enclosure made from stainless steel 303. The diameter o f  the enclosure 
is 42mm. The design o f the cavity was to take into consideration that the longest 
possible path length for the infrared transmission was desirable. In the end a
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45mm path length was achieved and this proved sufficient for the detection o f 
carbon dioxide and the hydrocarbons to a minimum level o f  5% and 100%LEL 
repectively. As described in chapter 3, it was with the hydrocarbons that the 
path length really needed the maximum length possible due to the lower 
absorption characteristics o f the hydrocarbon gases. A drawing o f  the optical 
cavity can be observed in the attached appendix.
The optical cavity was positioned on top o f  a PCB which contained the 
pyroelectrics, infrared lamp source, RC filters for RFI immunity and an 8-way 
ribbon cable to transfer the signals in and out o f  the detector. A negative 
temperature coefficient (NTC) thermistor, whose resistance decreases with 
increasing temperature, was attached to the pyroelectric detector with the aid o f  
potting compound. This provided accurate temperature sensing at the 
pyroelectric. The cavity was held in place with two small retaining clips and the 
whole assembly was fixed in the stainless steel enclosure through the use o f  
Robnor PX314ZG potting compound. This compound has extremely low 
conductivity and is ideally suited for the potting o f electronic components. The 
whole cavity assembly is designed to be a disposable unit so in the event o f  a 
component failure a replacement is issued. It is also worth noting that in order 
to comply with the rules imposed by national standards in the certification 
requirements o f  gas detection instruments the assem bly has to be potted to 
contain po ten tia l explosions or sparks w ithin the detector.
4.4.3 Infrared Lamp Driving
The infrared light source is a thin walled tungsten filament lamp that is rated at 
5V and 65mA. The mean time between failures (MTBF) o f  the lamp is 
approximately 100,000 hours. It was sourced from a third party company called 
Gilway. The thin wall o f  the lamp greatly increases the emission o f  the infrared 
wavelengths, particularly in the 1-5 micron range which is the range required 
for the particular gases being detected. In effect the wall absorbs the longer 
wavelengths. By keeping a residual amount o f  current in the filament during the 
off cycle the life o f  the lamp was increased. This technique reduced the inrush 
current at the start o f  the on cycle and was achieved by placing a 150 ohm 
resistor from the output o f  the transistor drive to ground. This maintained the
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small residual current required. Another way to increase the life o f  the lamp is 
to apply less than 5V during the on cycle. Doing this however results in less 
intensity o f  infrared reaching the pyroelectrics that subsequently resulted in a 
diminished output AC sinusoid. Due to the reduced path length available it was 
decided to drive at max voltage to achieve as much signal as possible out o f  the 
sensor. Another intuitive technique to drive the lamp source on/off would be to 
connect a linear voltage regulator to the lamp and switch the regulator on and 
off by means o f a shutdown pin located on the chip. This could be controlled 
from a port pin on the microcontroller. However the transistor technique was 
favoured over the regulator idea in order to keep the chip count and hence the 
board costs down. Shown below in figure 4.3 is the transistor circuit used for 
driving the lamp source. As explained earlier the 150f2 resistor is added to 
allow some residual current to remain in the lamp
+5V
Figure 4.3 Lamp drive circuit
As explained in section 3.5 pyroelectric detectors only respond to a change in 
incident radiation. This is the fundamental reason why there is a need to pulse 
the lamp on and off, to provide both light and dark states. The following section 
details the characteristics o f  the pyroelectric signal versus the frequency o f 
incident infrared radiation reaching the surface o f  the detector. If the
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pyroelectric is subjected to a single pulse o f  incident radiation (lamp switched 
from OV to 5V) the output reaches a maximum and then decays off  at a rate 
determined by the thermal and electrical time constants o f  the detector. When 
the incident radiation is subsequently removed the signal follows the same 
characteristics but in the negative direction. This reverse in polarity o f  the 
signal is a result o f  the cooling o f the pyroelectric surface during the dark 
phase. As it cools the charge on the pyroelectric element becomes negative. 
Figure 4.4 shows the expected signal output in such a situation.
Lamp on
Lamp off
Figure 4.4 Single incident radiation pulse output
In the next situation the on/off cycle to the lamp is continuous. If  the frequency 
o f the source is o f  a slow rate o f  change, say less than 2Hz, then as before the 
signal reaches a maximum value during the on value. However the signal 
becomes distorted and begins to fold over as heat at the pyroelectric element 
starts to leak into the actual housing element enclosing the detector. This 
reduces the net temperature drop across the element that causes the 
aforementioned distortion. During the off  cycle the process causes a similar 
signal in the negative direction. As can been seen from figure 4.5 the peak to 
peak intensity is lower than that achieved with a single pulse o f radiation since 
a repetitive cycle is maintained.
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Indicative time(mS) 
Figure 4.5 1Hz frequency waveform
By increasing the frequency o f  incident radiation reaching the detector 
saturation is prevented. The frequency o f  the on/off cycle used in the project is 
3.1Hz. A sinusoid type waveform is produced from the pyroelectric when such a 
frequency is used. The peak to peak amplitude decreases with increasing drive 
frequency. This happens because the heating and cooling effects on the 
pyroelectric elements occur in shorter time frames. Hence it can be said that the 
meaningful signal from the pyroelectric elements is related to the total charge 
generated during the light and dark states. This simplifies to a measure o f  the 
peak to peak amplitude i f  the drive frequency is kept fixed. Fixed frequency is 
extremely important for stable and accurate output signal. Hence the timer 
interrupt source used to supply the drive frequency is given highest priority. 
This is achieved by setting the T1 bit located the Interrupt Priority register (IP) 
o f  the microcontroller. Giving the timer interrupt highest priority prevents the 
serial port, which is also interrupt driven, from disrupting the drive frequency 
timer. Shown below in figure 4.6 is the pyroelectric output expected for a drive 
frequency o f 3.1Hz.
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Indicative time(mS)
Figure 4.6 Pyroelectric output at drive frequency of 3.1Hz  
4.4.4 Gas Concentration C alculations
Section 3.4 detailed in depth the Beer Lambert equation, which relates the 
amount o f  light absorbed to the concentration o f the substance absorbing it. This 
law derived the equation:
l 0 g (  I / I0) =  - e C l
Where:
I = intensity o f light
Io =  (Io = I) when distance o f  lights entry into medium = 0 
e = molar absorption coefficient 
c = molar concentration 
1 = pathlength
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To extract the target gas concentration the active and reference peak to peak 
values are firstly used to calculate the ratio
Ratio = ( (Active peak to peak ) / ( Reference peak to peak ) ) / Zero )
It is the ratio of the active to reference signal that is used. This compensates for 
effects such as temperature fluctuations, pressure changes etc. As the two 
pyroelectrics are on the one substrate they should theoretically change by the 
same amount in such situations. To monitor a change in signal output the 
intensity o f  the active signal needs to be recorded in the absence o f the target 
gas. This is the Zero value in the above equation. The ratio can be now be 
stored and saved to EEPROM through a menu setting on the instrument. For the 
carbon dioxide version o f the detector this ratio value has to recorded in the 
presence o f  nitrogen. This is because in ambient air there is CO2, approximately 
400 ppm (parts per million). Also humans expel CO2 so the true zero value 
would not be recorded in ambient air. The live readings o f  the active and 
reference are continuously monitored. These readings are calculated and stored 
in the m icroprocessor’s Random Access Memory (RAM). The fractional 
absorbance, which is directly related to the amount o f incident radiation 
absorbed by the target gas, can now be calculated.
Fractional Absorbance = ( 1 -  Ratio )
However the standard Beer’s law formula needs to be deviated from slightly. 
The law above is obeyed strictly only for monochromatic light. The NDIR 
method observes the intensity o f a range o f  wavelengths that is contained in the 
passband o f  the particular optical filter utilised in the detector. Chapter 3, 
section 3.4 Beer-Lambert Equation, details the interaction o f the non absorbing 
wavelengths and how they combine to modify the Beer-Lambert equation to take 
into account non-monochromatic radiation.
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The now modified and deviated formula, as derived in section 3.4, is as follows: 
Gas C oncentration1^  = ln( ( 1 -  fractional absorbance ) / SPAN ) )  / e l
pwr = power term
e l  = constant dependent on target gas and pathlength
SPAN = ( 1 -  S ), where S is the contribution to the signal intensity caused by 
the effect o f  the non-absorbing wavelengths.
4.4.5 Peak To Peak D etection Techniques
One o f the most important and integral part o f  the software design for the 
infrared gas detector was the peak-to-peak detection o f  the pyroelectric output 
sinusoid. Truly accurate and reliable results were needed to maintain the 
instrum ent’s integrity, as a fully functioning infrared based gas detector. The 
techniques researched and investigated will be discussed in the following 
sections.
In the early design stages a hardware approach was adopted to detect the peak 
o f the sinusoids. A peak detector was designed using an op-amp diode and 
capacitor and some resistors. A circuit diagram o f  this simple circuit can be 
observed in fig 4.8
10K
Figure 4.7 Peak D etector C ircu it [M alvino 1999]
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Initially, when Vj > 0 the op-amp will be positive and the diode will be forward 
biased. Operation in the linear active region requires that v' = v+, forcing the 
circuit output voltage v0 to reach to the peak value o f the input:
v0 = Vj(peak)
The capacitor charges quickly to this value through the low-resistance path 
consisting o f the op-amp output resistance and the diode forward resistance. 
Feedback forces the op-amp output v 0 at this point in the circuit to be:
v o = v0 + 0.7
After the capacitor is charged to the peak input voltage, and the input value 
drops below this value, the differential input voltage v+ - v' becomes negative 
and the op-amp output voltage in turn becomes negative. The diode then 
becomes reverse biased, and the loop is broken. The op-amp output voltage then 
swings down to negative saturation. The voltage across the capacitor remains 
close to the peak value o f  the input voltage, although the effect o f  any load will 
result in the depletion during the remainder o f  the input cycle. During the next 
cycle the op-amp will move back into the linear region for the interval in which 
the input voltage exceeds the capacitor voltage. During that interval the 
capacitor is charged back to the peak input voltage [Stanley 1984],
This approach did not work too well for two reasons. First the peak detector 
circuit was not accurate enough for this application. The time constant changed 
as the temperature changed resulting in inaccurate results. Secondly this 
technique could not measure the trough o f  the sinusoid. Since the gas 
concentration is related to the ratio o f  the detector peak to peak against the 
reference peak to peak this method did not prove adequate. It was decided to try 
and monitor the peak to peak purely through software in an algorithmic fashion. 
Two software based design solutions were drawn up to achieve true peak to 
peak detection, the second one really being an extension and improvement o f  
the first solution.
76
Chapter 4 Implementation
As described in section 4.4.3 (Infrared Lamp Driving) the source lamp is driven 
by an interrupt based timer in the AT89C51RD2. It has a frequency o f  3.1Hz 
and a duty cycle o f  50%. When an interrupt occurs, once every 161.3 
milliseconds, the lamp state is toggled. The characteristics o f  a pyroelectric 
have already being detailed in chapter 3. As light energy is incident on i t ’s 
surface the output rises in a sinusoidal fashion. I f  the light energy is pulsed on 
and off  the output o f  the pyroelectric rises and falls continuously resulting in a 
sine wave output. Hence it can be safely assumed that at the precise moment 
before the infrared lamp source is switched off, the sinusoid is at its highest 
peak. It can also be assumed that at the precise moment before the lamp is 
switched on, the sinusoid is at its lowest trough.
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Figure 4.8 Relationship between lamp drive and pyroelectric output
By taking a peak to peak reading just at the point of toggling the lamp source 
reasonably accurate peak and trough measurements can be obtained. The outputs 
o f the pyroelectric were fed into an A/D converter. The A/D converter used was 
a 12-bit Successive Approximation Register (SAR) converter. The MCP3204 by
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Microchip was the chosen converter. This gives a resolution of 0 to 4095 in 
digital output format. The A/D converter was supplied with an external 2.5V 
reference, which meant that 1 decimal out o f the A/D, equated to a 0.6mV 
analogue input. This high resolution was desired for accurate and linear 
readings. An ADC o f  a lower bit resolution would introduce a quantisation error 
to the digital output. This quantisation error is the largest potential voltage error 
that can occur in the conversion process. For example take a 10-bit A/D. The 
largest potential error that can be introduced with a 2.5V reference is 2mv. As 
mentioned above a 12-bit A/D results in a 0.6mV potential error. This tighter 
accuracy was needed for this particular application.
Now that there was a highest peak reading and a lowest trough reading, a peak 
to peak value could be calculated. This process was carried out on both 
pyroelectrics, reference and active. Due to the reduction o f the active 
pyroelectric output in the presence o f gas, the active amplitude needed to be o f  
a magnitude greater than that o f the reference pyroelectric. The output AC 
sinusoid is imposed on a DC pedestal o f  approximately 0.6V to IV. In the 
presence o f gas it was not desirable that the active peak to peak would dip 
below the reference peak to peak. This would result in the maths routine falling 
out, as the ratio between the two would then become greater then one. This will 
be shown in greater detail later when the maths software is described. It was 
hence decided to set the gain for the active pyroelectric output at 2V peak to 
peak and the reference pyroelectric to be set to 860mV peak to peak. The big 
gap between each signal achieved a greater signal to noise immunity and went 
some way to combating zero drift problems. The 2V peak to peak signal had a 
highest peak o f approx 2.2V and this left some room for fluctuations on the 
signal without the A/D converter saturating above its 2.5V voltage reference. 
The trough read about 300mV. For the hydrocarbon version o f the infrared gas 
detector the application o f 50% lower explosive level (LEL) methane resulted in 
a 6% reduction in the active output signal. In the carbon dioxide version the 
reduction for 5% C 0 2  was 45%. The difference between the two due to more 
active molar absorption by the carbon dioxide molecules as detailed in chapter
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The active and reference peak to peak values were then averaged by simple 
means first, consisting o f  a 16-bit unsigned integer variable which held the sum 
of 16 ADC conversion for each signal. This technique did remove some noise 
and smoothed out the signal. However as the signals were analysed and also 
superimposed onto artificial noise it became clear that some initiative averaging 
needed to be carried out on the signal to achieve better immunity and also better 
averaging and smoothing. The algorithm devised will now be detailed.
In the initial solution an ADC conversion was taken just at the moment when 
the lamp source changed state. For the implemented algorithm a timer interrupt 
was generated every 161.3mSec. The decision was taken to break up the sine 
wave into a series o f  time slices. 16 slices to be exact, over a full period o f  the 
sinusoid. For each slice a timer interrupt was generated which meant that the 
timer overflowed every 20.1mSec. A timer tick variable was created and 
incremented on every timer interrupt. With this tick variable it was now known 
at any time where on the sinusoid the program was located. When an interrupt 
was generated and the timer tick was at 8 the infrared lamp was turned off. 
When the tick reached 16 the lamp was turned on again and the tick variable 
reset to zero. Figure 4.9 graphically depicts how the sinusoid is time sliced.
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Figure 4.9 Sinusoidal Time Slicing
As can been seen the diagram the highest peak o f  the sinusoid resides between 
tick 7 and 8 . The lowest point o f  the waveform resides between tick 15 and 16. 
Now there is an accurate known time when the peak and trough occurs on the 
sinusoid. By taking a number o f  readings between timer ticks 7 and 1 1 a  highest 
peak reading can be obtained. By comparing each reading with the previous 
highest recorded reading, the absolute peak can be recorded. The time between 
timer ticks 3 and 6 is 60.3mSec. The total ADC conversion time is 1.2mSec. 
This meant that 50 conversions could take place on the reference and active 
signals, which gave 25 conversions to each. The same technique was used to 
calculate the lowest point o f  the signals. Between timer ticks 15 and 3 the same 
number o f readings were taken and a lowest point recorded. When the tick
80
Chapter 4 Implementation
counter reaches 16 it is reset back to 1 , and the next period o f  the waveform is 
tracked. Below is the pseudo code used to generate the source code.
while( timerTick ! = 7 )
{
do microcontroller housekeeping;
}
initialise rolling buffer to zero values;
refPeak = 0; actPeak = 0;
move rolling buffer forward 1 element;
take active signal ADC reading and place in rolling buffer;
take reference ADC reading and place in rolling buffer;
for ( buffCnt = 0; buffCnt < 4; buffCnt++ )
{
refHiTotal += refBuffer[ buffCnt ]; 
actHiTotal += actBuffer[ buffCnt ];
}
refHiTotal /= 4; 
actHiTotal /= 4;
if( refHiTotal > refPeak )
refPeak = refHiTotal; 
if( actHiTotal > actPeak )
actPeak = actHiTotal;
}
while( ( refHiTotal == refPeak ) || ( actHiTotal == actPeak ) && ( timerTick <
ii ));
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The do while iteration is entered after the seventh timer tick. This, as explained 
previously, is when the signal peak should be approaching i t ’s highest. The 
variables storing the peak values and the rolling buffer elements are initialised 
to zero, as the values will obviously be greater than zero at the highest. Each 
signal, reference and active, are sampled and placed in the rolling buffer that 
has been moved one place forward. The rolling buffer elements accumulative 
value is calculated and averaged. The variables holding both peak values are 
updated only if  they are lower than the peak readings just taken. The condition 
for exiting this do while iteration is come true either when the reference or 
active to tal’s are not higher than the recorded peak value. This indicates that the 
sinusoid is falling. The reason for not exiting the iteration unless the live ADC 
readings are equal to the recorded peak is to provide a means o f  noise 
suppression. This technique will however be explained in detail in section 4.4.7. 
The second part o f  the condition to be met is when the timer tick counter is 
greater than 1 1 .
The pseudo code for the trough detection is as follows.
while( timerTick ! = 15 )
{
do microcontroller housekeeping; 
initialise rolling buffer elements to 4095;
{
refPeak = 4095; actPeak = 4095;
move rolling buffer forward 1 element;
take active signal ADC reading and place in rolling buffer;
take reference ADC reading and place in rolling buffer;
for ( buffCnt = 0; buffCnt < 4; buffCnt++ )
{
refLowTotal += refBuffer[ buffCnt ];
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actLowTotal += actBuffer[ buffCnt ];
}
refLowTotal /= 4; 
actLowTotal /= 4;
if( refLowTotal < refTrough )
refTrough = refLowTotal; 
if( actLowTotal < actTrough )
actTrough = actLowTotal;
while( ( refLowTotal == refTrough ) || ( actLowTotal == actTrough ) && ( ( 
timerTick == 15 ) || ( timerTick < 3 ) ) );
On exiting the peak detection section the code enters another while loop until
timer tick 15 is reached. In this loop, as before, housekeeping duties are
attended to such as checking for button presses, kicking the watchdog timer: 
etc. The rolling buffer and the live ADC trough reading variable is this time 
initialised to 4095. This value is the full range scale o f  the 12-bit ADC ( 2 12 ). 
Because it is now the trough that is being sought after the recorded trough
variables are updated only if  the live readings are less than the previously
recorded trough. As in the peak detection algorithm the exit condition for do 
while is made true when the recorded lowest point o f  the signal is equal to the 
live ADC readings. For the iteration to be left the timer tick counter must also 
be either equal to 15 or less than 3. This combination once more provides some 
noise suppression that will be detailed later in the following sections.
The implemented algorithm has achieved what was set out at the start. True 
peak-to-peak detection has been obtained with extremely accurate results, down 
to plus and minus 3-4mV. The maths routine is run approximately 3 times a 
second which calculates the gas concentration. This is more than enough to 
produce a quick T90 response time that is an important component o f the 
functional requirements for the project. Detailed below is the program flow o f  
the interrupt service routine and the peak, trough detection algorithm.
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Figure 4.10 Interrupt service routine
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Figure 4.11 Softw are flow chart peak, trough detection
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4.4.6 Tem perature Compensation
Due the characteristics o f pyroelectric detectors temperature variations pose a 
problem in the design o f  the instrument. A described in section 3.5 a 
pyroelectric detector consists o f  a number o f components. The active and 
reference detector elements, two JFET’s and two gate resistors. All these 
components are temperature dependent. All Monicon Technology’s products 
have an operating temperature range o f -20°C to +50°C. The infrared detector is 
no different. Due to high number o f  Monicon installations in eastern bloc 
countries, where temperatures as low as minus 20°C are commonplace, the 
detector needs to perform excellently in such environments. High temperature 
regions and also boiler room installations require linearity and minimal drift at 
the higher end o f the temperature scale. So for the reasons outlined above a 
thermistor was incorporated into the infrared detector. The thermistor is 
positioned right at the pyroelectric to give an accurate reading as possible o f  the 
temperature. An NTC (Negative Temperature Coefficient ) thermistor was 
chosen and used. An NTC therm istor’s resistance decreases with increasing 
temperature. At ambient temperature, 22°C the thermistor has a resistance o f 
approx 3 .3K Q . At -20°C this rises to approx 30K Q  and drops to 1KQ at 
+50°C. By connecting 10KH series resistor connected to a 2.5V reference the 
temperature can be derived directly from the voltage across the thermistor by 
the expression:
Temp (°C) = 77.595 -  126.9 * v + 73.193 * v2 -  17.681 * v3
This expression is known as the Steinhart-Hart equation and it linearizes the 
voltage output from the thermistor. Each thermistor is non-linear over 
temperature ranges. The constants in the equation are got by consulting the 
m anufacturer’s datasheet, these vary from different manufacturers and different 
part types. The resistance o f  the thermistor used in this case at ambient (25 °C) 
is 3K Q .
The first means o f temperature compensation however does not need the 
thermistor. As mentioned before the infrared detector utilises two pyroelectric 
detectors. A reference, whose filter’s bandpass is outside that of the target gas
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absorption frequency, and an active element whose filter is within the required 
frequency. The usable signal is the ratio o f these two detector outputs and that 
is where the first form o f  temperature compensation occurs. Any fluctuations in 
temperature will occur at both elements and as a result will cancel each other 
out. This was one o f the main reasons for a dual pyroelectric detector design. 
Many other products on the market utilise a single pyroelectric and inherently 
suffers from drift, instability and fluctuation. Having the two pyroelectrics on 
the one substrate also improves the effectiveness o f  this. This alone however 
would not prove enough to maintain the instrum ent’s stability and integrity 
throughout the desired temperature range. Hence the need for temperature 
monitoring.
Below is listed the main contributing factors to pyroelectric fluctuations in 
varying temperature conditions:
• The gate leakage current o f  a JFET increase substantially with increases 
in temperature. The gate leakage o f a typical JFET increases from IpA at 
+25°C to well over 3 Op A at +60°C. This increase in leakage current 
results in higher detector noise.
• Any variation in temperature will reduce or decrease the forward 
transconductance o f  the JFET and as a result will either increase or 
decrease the pinch-off voltage o f the transistor.
• The spectral transmission o f the filter windows on the pyroelectrics will 
vary with temperature. Generally as temperature increases the bandpass 
filters will shift to longer wavelengths. This can introduce some non­
absorbing wavelengths that can affect the maths routine. This is because 
the span constant, which takes into account the non-absorbing 
wavelengths contribution to the signal, would now be slightly incorrect.
The thermistor required for temperature is located as close as possible to the 
dual pyroelectric detector. This gives the most accurate reading o f  the 
temperature where it matters most. In the early software design stages the 
methodology was to compensate the gas concentration by a factor determined by
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the difference between the temperature at which the instrument was calibrated 
and the current temperature o f  the instrument. In other words the gas 
concentration was offset by a factor to compensate for the non-linear deviation 
from the ideal response, caused by temperature variations. This involved 
analysing the gas response over a wide range o f  temperatures in a temperature 
cycling chamber. The instrument was first zeroed with the appropriate gas and 
then spanned to full scale in ambient temperature. Then the zero and full-scale 
responses were recorded at intervals o f  10 °C increments up to 50 °C. It was 
then brought back to ambient and decremented to -20 °C. A temperature change 
o f  no more than 0.25 °C per second was observed. A rapid fall in temperature 
would result in the gate o f  the FET transistors being pulled to a negative 
voltage. This would cause the DC offset voltage to clip and the sinusoid signals 
would be temporarily lost. A sudden rise in temperature would cause the 
opposite and the DC offset voltage would be clamped once again resulting in a 
loss o f  signal. When a 10 °C increment or decrement was accomplished the 
temperature was kept constant for 30 minutes to allow the pyroelectrics to 
stabilise. At the end o f  the stabilisation time the gas concentration was noted at 
zero gas present and at full scale. By testing a number o f samples, 
approximately 30, in such fashion two compensation figures were derived. A 
zero temperature compensation factor and a full-scale compensation factor. At 
zero and full scale, different deviations were evident from the data collected. 
Throughout the tested sample there appeared to be repetitive deviations at both 
points. Hence the compensation factor 0.0055 and 0.0025 for the zero and full 
scale respectively were derived. These figures were multiplied by the 
temperature offset (sensor temperature -  calibration temperature) and added to
1. This factor was then multiplied by the ratio, for the zero temperature 
compensation, and multiplied by the SPAN constant in the maths routine for 
full-scale compensation. This technique o f  temperature compensation worked 
quite well over the full temperature range and initial testing o f  the instrument 
looked promising.
However as more batches o f the pyroelectric detector were received from the 
manufacturer (Infratec Gmbh) it became apparent that batch to batch variations 
meant that the compensation technique described above would not work. Only
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slight variations in production batches meant that a simple compensation factor 
could not be used to offset the gas concentration over varying temperature 
conditions. The 30 or so detectors used in the initial testing originated from the 
same production batch. As a result a new temperature compensation technique 
needed to be drawn up.
The approach adopted for solving this problem involved individually 
temperature profiling each complete sensor. Each completed sensor is enclosed 
in a stainless steel body that contains the optical cavity pyroelectrics and 
associated PCB and passive components. It is connected to the main PCB via an 
8-way ribbon cable. This sensor, as part o f  its production cycle, needs to be 
fully tested by means o f  in-house automatic test equipment (ATE) at Monicon 
Technology. The idea was to incorporate the temperature profiling into the ATE 
and automatically set up the compensation parameters for each individual 
sensor. The technique utilised will now be described in detail.
Some non-volatile memory needed to be located on board the sensor to store the 
compensation parameters. A one wire 1Kb EEPROM interface from Dallas 
Semiconductor, the DS2431, was ideal for the situation and was incorporated in 
to the detector PCB. One spare pin was available on the 8-way connector to the 
main PCB. This was used to read and write data from the device. A jig  was 
designed which would hold a batch o f  25 sensors in the temperature cycling 
chamber and have all the associated electronics on board to communicate with 
each sensor and also with the ATE controlling software. The ATE software used 
in Monicon Technology is Labview by National Instruments. Before the 
profiling takes place each sensor is functionally tested to ensure correct 
operation. This is carried by a separate test jig. Throughout the profiling 
communication is maintained between the temperature chamber and Labview so 
as current temperature, etc is known to Labview. The steps taken in temperature 
profiling each sensor will now be detailed.
1) The test block o f  25 is placed in the cycling chamber and left to 
stabilise at 20 °C for one hour and then the zero value is measured. 
This is the active peak to counts divided by the reference peak to
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peak counts. There is now a reference zero (Zref). This is stored by 
the j ig ’s electronics for each sensors along with i t ’s associated 
temperature.
2 )  A  known calibration gas is applied to each sensor and is then 
allowed to stabilise for e.g one minute. Active/Reference is 
measured and from this the absorbance is calculated. Absorbance = 
[1 -  (Active/Reference) / Z REf  ]■ This value is called A r e f  and is 
stored for each sensor.
3) The chamber’s temperature is slowly decremented by 5 °C and the 
sensors are allowed to stabilise for one hour.
4) A zero gas is applied, the signals are allowed to stabilise and 
active/reference is measured. This is called Z t i  and a correction 
value can now be worked out using Zref /  Z t i . Each sensor 
correction is worked out using the same technique. This is now the 
first temperature correction factor for zero temperature dependency 
drift and its stored in the individual EEPROM for each sensor.
5) The same calibration as before is applied to each sensor, the signals 
are allowed to stabilise and active/reference is measured. This is 
called A t i  (Absorbanceri) and a correction value can now be worked 
out using A ref / A ti. This is the span temperature dependency drift 
correction for 15 °C. Each sensor is worked out in turn and the 
correction figures stored accordingly.
6) Steps 3-5 are repeated to get Z t 2, A j2, Z t 3, AT3, etc over the range 20 
°C to -20 °C. There now is a table o f  correction figures for each 
temperature stage. These are stored in the specific EPPROM 
location for each individual sensor. The firmware on the instrument 
knows which location corresponds to which temperature when it 
reads them into RAM on a power up.
7) The chamber is brought back up to 20 °C in the same fashion as it 
was brought down to -20 °C and on the way up the zero and span 
correction values are verified by the j ig ’s electronics and firmware.
8) The whole process is then repeated between 20 °C and 50 °C. The 
calculated correction values are once again verified on the way back
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down from 50 to 20 °C. If  verification is ok then the temperature 
profiling is complete
When the temperature profiling is complete each individual sensors now 
possesses a full set o f  14 correction values that are unique to that sensor’s 
characteristics. Variations in batches no longer effect how the sensors will be 
temperature compensated. Extended testing o f  this technique yielded extremely 
positive results and it was felt that each sensor would perform excellently over a 
wide range o f temperatures.
Notes:
• The timing o f  when the sensor readings are taken is controlled by 
Labview, which in turn has communication with the temperature 
chamber as to what its current temperature is.
• The applied gas is fed through a copper coiled tube in the 
chamber so the gas is at the chambers temperature when it reaches 
the sensor.
• Each sensor on the jig is zeroed with a suitable calibration gas 
before the profiling commences.
• Dedicated electronics and firmware for each sensor control the 
profiling procedure.
4.4.7 Twin lamp source investigation
Part o f  the proposed project goals, outlined at the start o f  the project, was to 
conduct an investigation on integrating two infrared lamp sources into the 
detector. Preliminary research into the idea looked promising and it was thought 
that maybe a more stable and effective design could be achieved by taking this 
approach. The following section details the investigations and i t ’s findings.
The approach o f using two infrared lamp sources differs from the technique 
described throughout this chapter. Firstly, and obviously, there are two lamps as 
opposed to one. Secondly a single pyroelectric is used which is optically filtered
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to the target gas’s bandwidth, as described previously. In the dual pyroelectric 
arrangement the second detector is used as a reference channel. This channel 
does not react to the target gas and its function is to allow for environmental 
factors, system aging and other undesirable factors. The idea o f  the second lamp 
is also to provide a reference for such factors, which in turn eliminates the need 
for a dual pyroelectric detector. Below is a diagram o f  the arrangement and a 
detailed description o f its operation.
Figure 4.12 Twin Lamp Source Arrangement
The infrared radiation from lamp 1 has a much longer pathlength through the 
gas then the radiation from lamp 2. Hence in the presence o f the target gas there 
will be less absorbance on the lamp 2 radiation then there will be on the lamp 1 . 
From this we can calculate two signals, the active lamp signal and the reference 
lamp signal from the maths discussed in section 4.4.4.
, , y _  t -e  *c*Pathlength 1Active lamp signal = e
_ „ , , t   t -e*c*Pathlength 2Reference lamp signal = ±2 — lo  C
From these signals the ratio can be got, (Ii / h  ), which in fact exhibits the same 
absorption characteristics as a single lamp source arrangement with a pathlength 
equal to Pathlength 1 -  Pathlength 2. However in providing the second infrared 
source with a different pathlength we are in fact compensating for unwanted
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factors that may affect the detector. Environmental factors, such as pressure, 
relative humidity etc, lamp source ageing and other undesirable effects will all 
have an impact on the pyroelectric output signal. The signal from the second 
lamp source will be affected in the same way. Because it is the ratio o f  the two 
signals that is used to determine the absorption these undesirable factors are as 
a result cancelled out.
This twin lamp source approach worked quite well in the lab and it was thought 
that this was the concept that would be utilised in the optical cavity design. 
However when the concept was integrated into the design o f the detector 
problems arose, and it became evident that a return to the previous approach o f  
dual pyroelectrics was the only solution.
When the prototype optical cavity was designed in the lab it consisted of a 
cylindrical hollow tube with a high reflectivity on the inner surface and the 
components locations the same as illustrated in figure 4.9. When the 
components were integrated into the Monicon compliant enclosure the reduced 
pathlength, (45mm), meant that the effect witnessed with the prototype optical 
cavity would not be replicated in the smaller cavity. The positioning o f  the 
second lamp, which could realistically only be positioned in one spot, meant 
that there was only a minimal difference between the active lamp signal and the 
reference lamp signal. In extensive laboratory tests, which involved simulated 
aging and deterioration o f the detector, it was clear that this small differential 
was not enough to provide a reliable referencing point. Figure 4.13 shows the 
arrangement o f the optical cavity with twin lamp source.
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^ Lamp Source 2
* f
Lamp Source 1 Fyroelectric
Figure 4.13 Twin lamp source cavity
The second lamp source could only be positioned in the one place due to wiring 
concerns. This left a pathlength o f approximately 7mm. Such a pathlength was 
too small to encourage sufficient infrared absorption that would constitute a 
usable signal. This was particularly true for the hydrocarbon gases that do not 
absorb infrared as well as other gases, such as carbon dioxide. So because o f  the 
dimensional restrictions imposed on the optical cavity the twin lamp source 
approach to detecting infrared gas absorption was shelved and the dual 
pyroelectric design methodology was adopted for the detector. Coincidently it 
was discovered afterwards that Texas Instruments had recently taken out a 
patent against a certain aspect o f  the idea that ruled out the possibility o f  
developing a similar detector in any case.
4.4.8 Noise Suppression
The suppression o f  externally induced noise in the instrument was one o f  the 
main requirements drawn up at the start o f  the infrared gas detector project. 
Noisy environments exist in many on-site installations Monicon supply to. 
Walkie-talkies, wireless equipment, mobile phones etc all contribute to fill a
Gas Direction
! !
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site or plant room with potentially damaging interference, which can result in 
false alarms, spurious response patterns and other negative effects. Therefore 
the design o f the instrument needed to incorporate ways to reduce these effects 
to a manageable level.
The noise suppression techniques implemented on the infrared detector mixed 
software techniques along with hardware techniques. In the following section 
both the software and hardware solutions utilised will be presented in detail.
Hardware noise suppression
The pyroelectric detector and optical cavity is mounted on a PCB and assembled 
in a stainless steel enclosure, as mentioned previously. A 8-way ribbon cable 
connects this board to the main control PCB. Due to the potted stainless steel 
enclosure, which would be earthed in the industrial field, interference would 
more than likely not be coupled from the pyroelectric detector signal lines back 
into the main control board. In order to prevent noise being coupled into the 
pyroelectric PCB from the main control board a low pass filter was incorporated 
into the pyroelectric PCB.
The low pass filter compromised o f  an inductor and capacitor (LC). The idea o f  
the low pass filter is to let through the low frequency signals associated with the 
pyroelectric, ie: 3Hz sinusoid, and block the higher frequencies which could 
introduce noise into the system.
4 7 m H
O  Output
Input
luF
Figure 4.14 Low pass LC filter
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Figure 4.14 shows a low pass LC filter. It has an order o f  two because it 
contains two reactive components, an inductor and a capacitor. The desired cut 
off frequency for the filter can be calculated by the following equation.
fo= 1
2 tt V LC
The value o f  the components used in the were 47mH and luF for the inductor 
and capacitor respectively. Slotting these values into the above equation gives a 
cut off frequency o f  approximately 734Hz.
fo =  1
2it V (47 * 10'3) * (1 * 10'6 )
f0 = 734.13Hz
This low pass filter proves to be relatively effective in blocking high frequency 
noise up to a realistic power level. Three separate filters were deployed on the 
pyroelectric PCB. One for each pyroelectric, reference and active channel, and 
also a filter for the +5V supply rail to the pyroelectric. A noisy supply voltage 
would also carry through to the output o f the JFET’s. Surface mount 
components were used, with 0603 package size to reduce the amount o f  real 
estate used on the 30mm PCB.
Software noise suppression
The software algorithm implemented to combat noise interference used a form 
of digital filtering to achieve its goals. As detailed in section 4.4.5 Peak 
detection techniques, the peak to peak digitised value for the reference and 
active signals are calculated from the algorithm described. These two values 
now needed to undergo software filtering to try and reduce the effects that noise 
might have on the signals.
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The concept o f  the software filtering was to create, in a sense, a software 
damper, which would alter itself in real time to certain changes in the analysed 
signals and the calculated data. As mentioned previously the peak to peak 
digital value is smoothed by a 16-fold rolling average. So the peak to peak value 
o f both signals is really the sum of the 16 previously recorded values. After 
each calculation this total value is divided by 16. This value is then subtracted 
from the 16-way average and the new reading added in to the rolling average. 
So to calculate the gas concentration these two readings, active counts and 
reference counts, are plugged into the maths formula. In order to create the 
software damper some more variables need to be calculated.
Z  ActTotal = summation o f the active signal counts 
RefTotal = summation o f  the reference signal counts 
ActMean = ActTotal / 16]
RefMean = RefTotal / 16]
Z  Act + [ An -  ActMean ], where An is the live active peak to peak
reading
Z  Ref + [ Rn -  RefMean ], where Rn is the live active peak to peak
reading
damper = adaptive damping variable for suppressing noise.
All these variables are updated at the end o f a period o f the waveforms, in other 
words when the timer tick counter reaches 16.
The variables ^  Act, ^  Ref hold the change in the active and reference signal
counts respectively. I f  the active or reference signals increase or decrease in 
amplitude, let it be from a response to the target gas or else sporadic noise, then 
the two variables will keep track o f  it. Positive for a decrease in amplitude and 
negative for a increase in signal amplitude. When a full period o f  a waveform 
has been analysed and recorded the peak to peak 16-fold values are calculated 
by the expressions:
X  Act = 
£  R e f =
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Actptop = Actptop * (( damper -  1 ) / damper ) + £  Act
Refptop -  Refptop * (( damper -  1 ) / damper ) + £  R ef
Actptop , Refptop hold the previous peak to peak values. By analysing £  Act and 
£  Ref we can determine what to set the damper variable to in order
compensate for an increase or decrease in signal readings. Taking an example 
will help to explain the concept better.
For a 2V peak to peak active pyroelectric signal the ADC reading will be 3270 
decimal approximately. Setting up the damper variable with a default value of 
lets say 8 will leave the reading at 2860 decimal. The same will apply to the 
reference signal reading, peak to peak 850mV and dampened to 744mV. The 
software filtering algorithm is optimised to filter up to +50mV o f  noise on the
sinusoid signals. For a negative change in £  Act o r £  R ef the damper
variable is increased. A decrease in 10 decimal over a full period in, for 
example, the active signal counts will increase the damper by one. £  Act is
now equal to -100. The previous peak to peak reading is multiplied by 0.888 and 
added to this is the change in the live reading compared to the previous reading. 
Working this through the filtering equation leaves the peak to peak active value 
at 2442. So by increasing the damper it is in effect smoothing the signal
4.4.9 Zero and span drift com pensation
Zero and span drift is an inherent problem in all gas detectors. Regardless o f  the 
sensing technology used, let it be infrared, thermo-catalytic, semiconductor 
sensing etc, there is always drift at the zero base line and also at full scale 
range. Detector drift can be minimised through some compensation techniques 
but never fully eliminated. Regular calibration and maintenance procedures are 
recommended to further inhibit this phenomena. Explained below are the 
techniques investigated and implemented in the infrared detector to try and 
reduce drift.
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The Non Dispersive Infrared (NDIR) technique for detecting gas is probably one 
o f the most stable techniques with regard to drift. As mentioned previously 
when the instrument is zeroed by means o f  the user menu it stores the raw ADC 
peak to peak counts in non-volatile memory. This is the base line with which the 
live reference and active peak to peak counts are compared against, the ratio 
being used in the maths routine. Zero drift occurs when in the absence o f  the 
target gas the live readings deviate from the stored zero values. This can happen 
for a few reasons. As the infrared source lamp ages the intensity o f  the radiation 
can decrease. As already discussed the pyroelectric output sinusoid’s amplitude 
depends o f  the amount o f  incident radiation falling on its surface. Hence a dip 
in the lamps radiation will have a proportional decreases in the signal output. 
Once more the reason for incorporating a dual pyroelectric detector into the 
design is justified. Any change in incident radiation will be experienced by both 
pyroelectrics. It is the ratio o f  the active signal against the reference signal so 
the same decrease will occur at each output. The ratio will not change, even 
though the amplitude o f  both are changing. The choice o f  a dual pyroelectric on 
the same substrate and right beside each other also means that the decrease in 
incident radiation will be the same on each surface. Some other detector designs 
use two single pyroelectric spaced apart that will experience different rates o f 
change for each surface. So the first means o f  drift compensation is achieved by 
the choice o f a dual pyroelectric component. As lamp intensity drops off  the 
ratio remains the same due to the referencing detector.
Time
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Another contributing factor to the cause o f zero and full scale drift is 
degradation o f  the optical cavity’s interior. Corrosion on the interior surface can 
result from harsh corrosive environments, ageing o f  the instrument amongst 
other factors. The degradation o f  this reflective medium, in which the infrared 
radiation bounces and reflects en-route to the pyroelectric detectors, can result 
in a reduction o f  incident radiation reaching the detector surface. Like the lamp 
ageing situation detailed previously this in turn could result in a reduction in the 
output signal from any one the pyroelectrics. Also, i f  formed, corrosive 
elements on the cavity’s interior surface will change the transmission path o f 
the infrared. Although these are only very slight differences the effect can be 
noticeable. A small reduction in incident light reaching the detector will have 
small difference on the low level output sinusoid. This low level signal (6 -  
7mV) will have that small difference amplified resulting in a noticeable shift 
from i t ’s original zero base level. It should be also noted that the hydrocarbon 
detector output sinusoid reduces by a factor o f  1 2 % approximately for 100% 
LEL methane. It follows that a 1% reduction in the active pyroelectric’s output 
signal will result in a drift o f  8.3% LEL. Which pyroelectric is effected and by 
how much is totally unpredictable in a situation like this, so the detector drift 
can be arbitrary. To reduce the effects described the optical cavity is hence gold 
plated. This has already being described in section, 4.4.3 Optical cavity design. 
The idea once again being to halt the cavity’s degradation and maintain the 
integrity o f the infrared transmission pathlength.
Both o f  the drift compensation design solutions described have had a highly 
positive effect on the instrum ent’s performance. The drift characteristics are 
quite impressive and although regular calibration is still recommended it is 
thought that the goals were attained in trying to minimise zero and span drift as 
much as possible.
4.4.10 Predictive Response
In some gas monitoring applications the response rate (T90) o f  the detector is 
critical for rapid detection o f  a target gas. The idea o f introducing a predictive 
response algorithm into the firmware is to extrapolate a high level gas response 
reading by analyzing low gas level response rates.
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As described in previous sections as the target gas is introduced into the optical 
cavity the sinusoidal peak to peak output o f the active pyroelectric detector 
decreases in amplitude. This decrease in amplitude is proportional to the gas 
concentration o f  the target gas present. By closely analyzing the initial early 
response rates o f the sinusoid amplitude, caused by the presence o f a target gas, 
it was envisaged that the gas concentration would be predicted ahead o f  the 
detector’s natural reaction to the gas. This in turn would decrease the T90 o f the 
instrument making it a more responsive detector. The next section describes and 
details how this technique was implemented.
As described in chapter 3 the sinusoid output o f  the pyroelectric detector 
decrease when the target gas to be monitored is present. This is because the 
gases molecules absorb the infrared radiation, which in turn results in less 
incident radiation reaching the pyroelectric. By using a relatively simple 
algorithm this decrease in amplitude can be recorded over a set period o f time 
for a range o f  target gas concentrations. As part o f  the calibration procedure the 
instruments predictive response data was recorded and stored in non-volatile 
memory. This data consisted o f  the decrease in amplitude o f the active 
pyroelectric detector for each o f the gas ranges involved in the response 
profiling. For the IR80 instrument the ranges o f  CO2 used were: 1%, 2%, 3%, 
4% and 5%. In the case o f  the S500-IR the ranges o f CH4 used were: 10% LEL, 
20% LEL, 30% LEL, 40% LEL and 50% LEL. The predictive response 
calibration routine is only available on entry to the engineer mode, details of 
which are explained in the subsequent section. The diagram below shows the 
menu layout of the predictive response calibration routine. The set button on the 
instrument scrolls through the menu while the cal button saves the relevant data 
to the on-board EEPROM.
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Figure 4.16 Predictive response calibration menu layout
In a typical predictive response calibration procedure the first set point gas 
concentration would be applied with the menu displaying SETPOINT 1. So for 
the IR80, 1% CO2 would be applied to the detector. In order to synchronize the 
application o f the gas with the starting o f the microcontroller on-board timer 
some control external control circuitry was required. This circuitry consisted o f 
relay controlled valve (similar to the one used in the temperature profiling 
procedure) a pushbutton and a microcontroller with its associated components 
for correct functionality. When the pushbutton is activated the relay is opened, 
exposing the detector to the target gas. When the decrease in amplitude has 
reached a certain level, 1% decrease in the IR80 and 0.5% in the S500-IR, the 
timer is turned on. A interval o f  fifteen seconds is generated with the timer. At 
the end o f  this interval the change in the active s inusoid’s amplitude is noted in
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decimal format. This exercise is repeated for each o f  the 5 calibration set points. 
On exit o f  the routine the amplitude differentials are written to EEPROM so that 
they are available after a power-down power-up sequence. The tables below 
shows the results o f  a sample depicting typical decreases in amplitude, over a 
15 second interval, due to varying concentrations o f  target gases for both the
IR80 and S500-IR.
IR80 (C 0 2 5%)
Target Gas 
Concentration
Signal Decrease % Decrease
1 % 0.12V 6%
2 % 0.36V 18%
3% 0.54V 27%
4% 0.72V 36%
5% 0.9V 45%
Table 4.1 IR80 predictive response calibration data
Signal % Decrease 
Figure 4.17 IR80 predictive response calibration graph
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S500-IR  (CH4 50% LEL)
Target Gas 
Concentration
Signal Decrease % Decrease
10% LEL 0.018V 0.9%
20% LEL 0.034V 1.7%
30% LEL 0.066V 3.3%
40% LEL 0.098V 4.9%
50% LEL 0.122V 6 .1 %
Table 4.2 S500-IR predictive response calibration data
Signal % Decrease 
Figure 4.18 S500-IR predictive response calibration graph
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Stored in memory now was the reduction in signal for a range o f  target gas 
concentrations. In normal operation the timer is set running when the threshold 
amplitude decrease is reached, there being different thresholds for each 
instrument. At the end o f  the fifteen second interval, and with the instrument 
detecting and displaying gas concentration as normal during this interval, the 
decrease is compared with the predictive response calibration figures. The 
decrease that is the closet match to the pre-recorded readings is taken as the gas 
concentration. This concentration now becomes the predicted gas concentration 
and a rapid ramp towards this figure is implemented in the firmware. The live 
un-predicted gas response is still monitored however and is continually 
compared to the predicted response in order to verify correct execution o f the 
algorithm. When the un-predicted response has stabilized it resumes command 
again and the predictive response is discarded as its function is complete. When 
the same threshold that started the timer is reached it indicates that the target 
gas is no longer present and the instrument response status flag is set to zero as 
a consequence.
Without the predictive response algorithm the T90 o f  both instrument are 
approximately 30 seconds. The implemented algorithm decreases its response 
time by up to 10 seconds, which is a significant decrease. Figure 4.16 shows the 
flow diagram o f  the predictive response routine.
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Figure 4.19 Predictive response algorithm flowchart
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4.5 Serial Com munications
As outlined in the pro ject requirem ents  the in frared  gas de tector was to 
have serial com m unication capability . M ost instrum enta tion  insta lla tions  
require  that there is com m unications link betw een a m aster sta tion  and a 
Remote Term inal Unit (RTU). This is genera lly  for data logging  purposes 
and also live readings o f  the R T U ’s status back  to a control room. The 
com m unications link can be im plem ented  in several ways, which include 
MODBUS over serial line (RS-485 physica l in terface), HART field 
com m unications pro tocol, TCP/IP over E thernet, Profibus pro tocol and 
Fieldbus protocol. All the above pro toco ls  w ere researched  and evaluated  as 
a possib le  m ethod to im plem ent the serial com m unications. In the end it was 
decided that MODBUS over RS-485 physical in terface  would be the most 
appropriate  for the project. The fo llow ing section  gives a b r ie f  descrip tion  
o f  each protocol researched  and details  the im plem enta tion  o f  the MODBUS 
over RS-485 in the infrared  gas detector.
4.5.1 HART Field C om m unication P rotocol
HART (H ighw ay A ddressable  Rem ote T ransducer ) is a popular d igital 
com m unication pro tocol designed for industr ia l  process m easurem ent 
applications. HART uses a low level m odulated  sinusoid  signal 
superim posed on a standard 4-20mA curren t loop. The in teg rity  o f  the 
analogue current signal is not affected because  the HART signal is so small 
and made up o f  sine waves. This means that the average value is zero. 
Com patabilty  with existing  systems is still m ain tained  while allow ing 
s im ultaneous digita l com m unication for device  configuration , status 
checking, d iagnostics  and so forth. F igure  4.17 below  depicts  how the 
HART signal is superim posed on the curren t signal [Tomasi 1998].
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F igure  4.20 H ART s ig n a l  su p er im p o sed  on 4 -20m A  sig n a l  
The structure  o f  a HART m assage is shown below.
PREAMBLE START ADDR COMM BCNT [STATUS] [DATA] CHK
F igure 4.21 HART m essage  s tru c tu re
Pream ble - Between 5 and 20 bytes o f  OxFF (all l ’s). Helps the receiver 
to synchronize the character  stream.
Start -  Consists  o f  1 byte  and may have several values ind icating  the type 
o f  message. M aster to slave, slave to m aster, burst m essage from the slave, 
also the address format: short frame or long frame.
Addr -  Includes both  the m aster address (a single bit: 1 for a prim ary  
m aster, 0 for a secondary  m aster) and the slave address. In the short frame 
format, the slave address is 4 bits con ta in ing  the po lling  address (0 to 15). 
In the long frame format, it is 38 bits con ta in ing  a unique iden tif ie r  for that 
particu lar device. (One b it is also used to ind icate  i f  a slave is in burst 
mode).
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Comm - The com m and register  contains the HART com m and for the 
message. U niversal commands are in the range 0-30, common practice  
commands are in the range 32-126 and device specific  com m ands are from 
128-253.
Bent - The byte count reg ister, which is 1 byte  long, contains the num ber o f 
bytes to follow  in the status and data bytes. The rece iver  uses this to know 
when the m essage is complete.
Status - The status field, also known as the response code, is two bytes. It 
is only p resen t in the response m essage from a slave. It contains 
inform ation about com m unication errors in the outgoing  m essage, the status 
o f  the received  com m and, and the status o f  the device itself.
Data - This fie ld  m ay or may not p resen t, depending  on the particu la r  
command. A m axim um  length o f  25 bytes  is recom m ended.
Chk - Finally, the checksum byte contains an exclusive-or or longitudinal 
parity  o f all p rev ious bytes, from the s ta rt  charac ter  onwards. Together with 
the parity  bit a ttached  to each byte, this  is used  to detect com m unication  
errors.
One o f the lim ita tion  o f  using the HART protocol is that it only supports  up 
to 32 devices on the one loop. This was one o f  the decid ing  factors in 
om itting it from the project.
4.5.2 TC P/IP over E thernet
TCP/IP is a four-layer protocol. It is m ade up o f  the Link layer, N etw ork 
layer, Transport Layer and the A pplica tion  layer.
A pplica tion  layer FTP, SMTP, SNMP
Transport layer TCP, UDP
N etw ork  layer IP
Link layer IEEE802.X, PPP, SLIP
Table 4.3 The 4 layers  o f  T C P/IP  and th e ir  a sso c ia ted  p rotoco ls
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These four levels are part o f  the 7-layer OSI com m unication  model. F igure 
4.18 shows this model.
I  
I  
I
I
H 
■
B
F igure 4 .22 The O SI com m u nica t ion  m odel [S tevens 1994]
The link layer is responsib le  for p resen ting  an in terface  for an error-free  
transm ission. E thernet is the m ost com m on type o f  netw ork for supporting  
TCP/IP. The E thernet protocol is designed for carry ing  blocks o f  data called 
frames. A frame consists  o f a header con ta in ing  48-bit hardw are destination  
and source address, a 2-byte length fie ld  and some control fields. Then the 
data follows which is a m inim um  o f  38 bytes long. A 32-bit cyclic 
redundancy check (CRC) com pletes the frame. The netw ork  layer 
encom passes the In ternet domain know ledge. It contains the routing  
protocols, and it understands the In te rne t addressing  scheme. The IP 
addressing m echanism  m ust be converted  into physica l (MAC) addresses 
before the data can be transm itted  by  the link and physical layers. The 
transport layer im plem ents re liab le  sequenced  packet delivery  known as 
connection-orien ted  transfer. This layer incorporates  re try ing  and 
sequencing necessary  to correct for lost in form ation  at the low er layers. The
OSI Layer Function
Application Provides the User with Network
Présentation Converts Appficabon Date Between Niwon ana logs Macranv romME*
Session Connection ManaQtnwit Services forApptceaons
Transport Provide« Networtt Independent,Transparent Message Transfer
Network End to End Routing of Packets.RmMng NMMAMdMM
Data Link Estafcfehes Oeta Packet Stnjcfcfe,Framing, Error OetecSon, Bus Arbitration
Physical Mechanical 1 Elected Connection Transmits Raw Bi Stream
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transport for TCP/IP actually  provides two pro tocols: TCP for re liab le  or 
connection-orien ted  transm ission , and UDP for unreliab le , or connectionless  
transm ission. The application layer includes v ir tua lly  all app lica tions  o f  
TCP/IP netw orking , including netw ork  file system s, web server or browser, 
or client server transac tion  pro tocols  [Hall 2000].
4.5.3 Profibus P rotocol
The profibus p ro tocol was created in G erm any in 1989 by  a consortium  o f  
factory autom ation  suppliers. O rig ina lly  developed in o rder to enable 
d iscrete p rocess ing  it has expanded into process  autom ation and en terprise  
wide applications. Profibus com prises  o f  several industr ia l bus pro tocol 
specifications some o f  include Profibus-D P, P rofibus-PA  and Profibus-FM S.
Profibus-DP is a device level bus that supports both analog and discrete signals. 
Profibus-DP has widespread usage for such items as remote I/O systems, motor 
control centers, and variable speed drives. Profibus-DP communicates at speeds 
from 9.6 Kbps to 12 Mbps over distances from 100 to 1,200 meters.
Profibus-PA is a full-function fieldbus that is generally used for process level 
instrumentation. Profibus-PA communicates at 31.25 Kbps and has a maximum 
distance o f  1,900 meters per segment. Profibus-PA is designed to support 
Intrinsically Safe applications.
Profibus-FMS is a control bus generally used for communication between Data 
Control Systems and a PLC [Hall 2000].
Profibus, like the HART protocol, only supports up 32 devices per segment (62 
with repeaters).
4.5.4 Fieldbus Protocol
The fieldbus protocol is an all digital, serial, two-way communications protocol 
running at 31.25kbits/s. It is mainly used to interconnect field equipment such 
as sensors, actuators and controllers. Fieldbus is Local Area Network (LAN) for 
instruments used in both process and manufacturing automation with built in
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capability to distribute the control application across the network. Each field 
device has low cost com puting pow er insta lled  in it, m aking  each device a 
smart device. Each device is able to execute  s im ple functions on i t ’s own 
such as d iagnostic , control, and m ain tenance functions as well as provid ing  
b i-d irec tional com m unication capabilities.
Fieldbus retains the desirable features o f the 4-20mA analog systems such as:
• A standardized physical interface to the wire
• Bus-powered devices on a single wire pair
• Intrinsic safety options
In addition fieldbus offers:
• Increased capabilities due to full digital communications
• Reduced wiring and wiring terminations due to multiple devices on one 
wire
• Connection to a high speed Ethernet backbone for larger systems.
Fieldbus uses standard “Function Blocks” to implement the control strategy. 
Function blocks are s tandardized  autom ation  functions. M any control 
system functions such as analog ou tpu t (AO); analog input (AI) and PID 
control may be perform ed by the field device through the use o f  functions 
blocks. F ieldbus signals are encoded using the M anchester  B iphase-L 
technique. The signal is called “synchronous se r ia l” because the clock 
inform ation is em bedded in the serial data stream. Data is com bined with 
the clock signal to create the fie ldbus signal. The rece iver  o f  the fieldbus 
signal in terprets  a positive  transition  in the m iddle o f  a bit time as a logical 
“0” and negative  transition  as a log ical “ 1” [M ahalik  1997].
4.5.5 The Modbus Protocol
The Modbus protocol is a messaging structure developed by Modicon, now 
Schneider Electric, in 1979 [Modbus 2002]. It is used to establish master- 
slave/client-server communication between intelligent devices. When using 
Modbus over serial line (RS-485 physical interface), which is the case for this
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project, then only the physical, data link and application layers o f  the 7-layer 
OSI model are used. The Modbus serial line protocol is a master-slave protocol. 
Only one master (at the same time) time is connected to the bus and from 1 to a 
maximum o f  247 nodes are connected to the same serial bus. The master always 
initiates a Modbus communication. The slave nodes will never transmit data 
without receiving a request from the master node. The slave nodes never 
communicates with each other. The master nodes can issue a Modbus request to 
the slave nodes in two modes. In unicast mode, where the master addresses a 
individual slave, or in broadcast mode where all slaves are addressed.
A Modbus frame consists o f  an address field, a function code, the data to be 
sent and CRC field.
Address field Function code Data CRC
Figure 4.23 M odbus fram e
The address fie ld  contains the slave address (1 byte). The function code 
indicates to the rec ip ien t what kind o f  action to perform  (1 byte). The data  
field can contain anything up to 252 bytes. E rror checking  is provided by 
means o f  a CRC calcula tion  on the m essage contents and is m ade up o f two 
bytes, CRC high and CRC low.
The serial transm iss ion  mode used for the IR 80/S500-IR  is RTU mode. 
When devices com m unicate using the RTU (Rem ote Term inal Unit) m ode 
each 8-b it byte in a m essage contains  two 4-bit hexadecim al characters. The 
main advantage o f  this mode is its greater character  density  allows better  
data throughput than the other mode (ASCII) for the same baud rate. Each 
m essage must be transm itted  how ever in a continuous stream o f  characters. 
Each byte in RTU mode is m ade up o f  11 bits. 1 start b it,  8 data  bits, 1 bit 
for parity  com pletion  and a stop bit [M odicon 1996].
The next section details the serial com m unications p ro toco l for the IR80 
and the S500-IR.
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4.5 .6  Im plem enting MODBUS on the IR80/S500-IR
There are two Modbus function  codes im plem ented. Function  code 03 (Read 
Holding Registers) is used to read the status from a slave unit. Function 
code 06 (Preset Single Register) is used to w rite  a command to the slave 
unit. W hen the m aster unit wishes to query a particu la r  slave about its 
holding reg isters  it sends a read query m essage. Table 4.4 below  show the 
Modbus read query message.
Byte MODBUS Range Referenced to IR80/S500-IR
1st Slave Address 0-247 (Dec) IR80/S500-IR ID (Address)
2nd Function Code 03 Read Holding Registers
3rd Starting Address Hi 00 Not Used
4th Starting Address Lo 00-FF (Hex) IR80/S500-IR Commands
5th No. of registers Hi 00 Not Used
6th No. of Registers Lo 01 No. of 16-bit Registers
CRCHi 00-FF (Hex) CRC Hi Byte
8th CRCLo 00-FF (Hex) CRC Lo Byte
Table 4.4 M od b us Read Q uery M essage
The read response m essage to such a query  is deta iled  below.
Byte MODBUS Range Referenced to IR80/S500-IR
1st Slave Address 0-247 (Dec) IR80/S500-IR ID (Address)
2M Function Code 03 Read Holding Registers
3rd Byte Count 02 No. of Data Bytes
4th Data Hi 00-FF (Hex) IR80/S500-IR Hi-Byte Status Data
5th Data Lo 00-FF (Hex) IR80/S500-IR Lo-Byte Status Data
6th CRC Hi 00-FF (Hex) CRC Hi Byte
yth CRCLo 00-FF (Hex) CRC Lo Byte
T able 4.5 M odbus R ead R esp on se  M essage
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Tables 4.6 and 4.7 below show the s tructure  when a w rite  com m and is being  
executed.
Byte MODBUS Range Referenced to IR80/S500-IR
1st Slave Address 0-247 (Dec) IR80/S500-IR ID (Address)
2nd Function Code 06 Preset Single Registers
3rd Register Address Hi 00 Not Used
4th Register Address Lo 00-FF (Hex) IR80/S500-IR Commands
5th Preset Data Hi 00-FF (Hex) IR80/S500-IR Hi-Byte Command Data
6th Preset Data Lo 00-FF (Hex) IR80/S500-IR Lo-Byte Command Data
CRC Hi 00-FF (Hex) CRC Hi Byte
gffi— CRC Lo 00-FF (Hex) CRC Lo Byte
Table  4.6 M odbus W rite Q uery  M essage
Byte MODBUS Range Referenced to IR80/S500-IR
1st Slave Address 0-247 (Dec) IR80/S500-IR ID (Address)
2nd Function Code 06 Preset Single Registers
3rd“ Register Address Hi 00 Not Used
4th Register Address Lo 00-FF (Hex) IR80/S500-IR Commands
5th Preset Data Hi 00-FF (Hex) IR80/S500-IR Hi-Byte Command Data
6th Preset Data Lo 00-FF (Hex) IR80/S500-IR Lo-Byte Command Data
yth CRC Hi 00-FF (Hex) CRC Hi Byte
8a CRC Lo 00-FF (Hex) CRC Lo Byte
T able  4.7 M odbus W rite R esp o n se  M essage  
E xception  R esponses and E xception  Codes
In a normal com m unications query  and response the m aster  sends a query to 
the IR80 or S500-IR and the unit receives the query  w ith  no com m unications 
error and handles the query norm ally  within the m aster d e v ic e ’s allowable
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tim e-out. The slave unit then returns a normal response to the m aster. An 
abnormal com m unication produces one o f  four possib le  events.
1. If  the IR80/S500-IR does not receive the query due to a communication 
error then no response is returned from the IR80/S500-IR. The master 
device will eventually process a time-out condition for the query.
2. I f  the IR80/S500-IR receives the query but detects a communication 
error (CRC, etc) then no response is returned from the IR80/S500-IR 
and a time-out is generated.
3. I f  the IR80/S500-IR receives the query without a communication error 
but cannot process the query within the masters time-out setting then 
no response is returned and the master will eventually process a time­
out condition for the query. In order to prevent this from happening the 
maximum response time for the IR80/S500-IR is 200mS. Therefore the 
m aster’s time-out setting should be greater than 200mS.
4. If  the IR80/S500-IR receives the query without any communication 
error but cannot process it due to reading or writing to a non-existent 
IR80/S500-IR command register then the IR80/S500-IR will return an 
exception response message informing the master o f  the error.
The exception response message has two fields that differentiate it from a 
normal response:
Byte MODBUS Range Referenced to IR80/S500-IR
1st Slave Address 0-247 (Dec) IR80/S500-IR ID (Address)
2nd Function Code 83 or 86 MSB is Set with Function Code
3rd Exception Code 01 to 06 (Hex) Appropriate Exception Code (See Below)
4th CRC Hi 00-FF (Hex) CRC Hi Byte
5th CRC Lo 00-FF (Hex) CRC Lo Byte
Table 4.8 E xception R esponse M essage
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In an exception response the IR80/S500-IR returns an exception code in the data 
field. This exception code describes the condition that caused the exception. 
Below is the list o f  exception codes supported by the IR80 and the S500-IR.
Code Name Description
01 Illegal Function The function code received in the query is not 
an allowable action for the IR80/S500-IR
02 Illegal Data Address The data address received in the query is not 
an allowable address for the IR80/S500-IR.
03 Illegal Data Value A value contained in the query data field is not 
an allowable value for the IR80/S500-IR.
04 Slave Device Failure An unrecoverable error occurred while the 
IR80/S500-IR was attempting to perform the 
requested action.
05 Acknowledge The IR80/S500-IR has accepted the request but 
it will take a long length o f  time to process it. 
This code is returned to the master to prevent 
it from timing out.
06 Device Busy The IR80/S500-IR is performing a long 
duration program operation. The master should 
retransmit later when the slave is free.
Table 4.9 IR80/S500-IR Exception Codes
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IR 80/S500-IR  Command R egister Locations
Parameter Function Type Scale Access Register
Address
Master
I/O
Address
Analog 0-20mA current output Value 16-bit R 0000 40001
Status/Errors Indicates errors Bit R 0001 40002
Type unit Indicates the unit R 0002 40003
Software Rev Indicates the software 
revision
ASCII 2-char R 0003 40004
Address Unit address Value R/W 0004 40005
Span Adjust Adjusted percent of span 
figure
Value 16-bit R/W 0005 40006
Baud rate Indicates present baud rate 
(2400,4800, 9600)
Value (0-4) R/W 0006 40007
Total receive 
errors
Total number of receive 
errors
Value 8-bit R 0007 40008
Function code 
error
Total number of function 
code errors
Value 8-bit R 0008 40009
No. of register 
errors
Total number of register 
errors
Value 8-bit R 0009 40010
RXD CRC Hi 
errors
Total number of RXD 
CRC Hi errors
Value 8-bit R 000A 40011
RXD CRC Lo 
errors
Total number of RXD 
CRC Lo errors
Value 8-bit R 000B 40012
Framing errors Total number of framing 
errors
Value 8-bit R OOOC 40013
Clear comm 
errors
Clear all comm errors Bit 1-bit W 000D 40014
Table 4.10 IR80/S500-IR Command R egister Locations  
IR 80/S500-IR Command Register Details
Analog: A read returns a value, which is proportional to the 0-20mA output 
current. The current is based on a 16-bit value
Status/Errors: A read returns the errors that are occurring at the present time 
and are indicated by the bit position in the return byte.
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Function Bit Position Access
EEPROM 5 Read
Lamp failure 4 Read
Therm istor failure 3 Read
Supply voltage too low 2 Read
Excessive negative drift 1 Read
T ab le  4.11 S ta tu s/E rro r
Type U nit: A read returns the decim al value 80 for the IR80 and decim al value 
500 for the S500-IR.
Software Rev: A read returns the software revision num ber o f  the instrum ent in 
2 ASCII characters.
Address: A read returns the address o f the instrum ent. A write changes the 
address to the requested address. The range o f the address is 0-247.
Span Adjust: A read returns the span adjust figure which offset the span 
constant in the gas calculation m aths routine. A w rite changes the span adjust to 
the required figure. The range o f this figure is 0-20.
Baud Rate: A read returns the baud rate o f the instrum ent. A w rite changes the 
baud rate to the requested value. A fter the baud rate is changed com m unications 
will cease as the m aster unit has a different baud rate from the slave. Changing 
the m aster’s baud rate to the slave new baud rate will restart com m unication 
once more.
Baud Rate Low Data Byte Access
9600 02 Read/W rite
4800 01 Read/W rite
2400 00 Read/W rite
T ab le  4 .12  B aud R ate
If  the baud rate is not in range an illegal data value (03) is returned.
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Total Receive Errors: A read indicates the to tal amount o f Modbus 
com m unication receive errors that occurred in the slave device. The maximum 
count is 255, the counter will roll over to zero and begin counting again if  it 
exceeds 255. The errors that can occur are listed below.
Function Code Error: A read indicates the total am ount o f function code errors 
that occurred in the slave device. The maximum count is 255, the counter will 
roll over to zero and begin counting again if  it exceeds 255.
Number of R egister Errors: A read indicates the total amount o f register 
errors that occurred in the slave device. The maximum count is 255, the counter 
will roll over to zero and begin counting again if  it exceeds 255.
RXD CRC Hi Errors: A read indicates the total am ount o f RXD CRC Hi errors 
that occurred in the slave device. The maximum count is 255, the counter will 
roll over to zero and begin counting again i f  it exceeds 255.
RXD CRC Lo Errors: A read indicates the total amount o f RXD CRC Lo errors 
that occurred in the slave device. The maximum count is 255, the counter will 
roll over to zero and begin counting again i f  it exceeds 255.
Framing Errors: A read indicates the total am ount o f framing errors that 
occurred in the slave device. The maximum count is 255, the counter will roll 
over to zero and begin counting again i f  it exceeds 255.
Clear Comm Errors: A read or w rite resets all the Modbus com m unication 
error counters to zero.
4.6 Summary
This chap ter p resen ted  the im plem entation  o f the  in frared  gas detecto r. At 
the s tart o f the chap ter the functional and n o n -functional requ irem en ts are 
listed . This lis t con ta ined  the special requ irem en ts  that should  be 
im plem ented in the in strum ent design. The prob lem s associa ted  w ith 
tem perature  flu c tu a tio n s  w ere addressed  and e lim inated . N oise suppression  
techniques, both hardw are and softw are, w ere im plem ented  in o rder to 
reduce false  alarm s and spurious response  pa tte rns. The various algorithm s 
im plem ented in the firm w are are described  and de ta iled . A lgorithm s for 
p red ic tiv e  response, peak to peak detection  and no ise  reduction  are all 
explained  w ith the aid o f  flow  diagram s and de ta iled  diagram s. The
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e lectron ic  hardw are design  is de ta iled  and exp la ined . The m ethodolog ies 
used to design the gas sensing  op tical cav ity  is also exp lained  in depth . 
Zero and span d rift com pensation  techn iques th a t are in co rp o ra ted  in  to the 
instrum ent design  are listed . R esearch  conducted  in to  the v iab ility  o f  using  
a tw in lamp source arrangem ent in the op tical cav ity  is described . F inally  
the research  conducted  in to  serial com m unications p ro toco ls  is p resen ted . 
M odbus over RS-485 physica l in terface  was the chosen p ro toco l for the 
p ro ject and the im plem entation  o f the M odbus is described  in deta il. The 
next chap ter p resen ts  the testin g  and v a lid a tio n  that was carried  out on the 
com pleted  instrum ent.
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Chapter 5
Testing and validation
5.1 Introduction
5.2 Lab Tests
5.3 Expert Feedback
5.1 Introduction
This chapter summarizes the testing and validation used for the IR80/S500-IR  
Infrared gas detectors. The testing is broken into two parts: lab tests and 
feedback from experts in the gas detection industry. These included M onicon 
Technology distributors, existing custom ers using M onicon’s instrum ents in the 
field along with experts in the specific field o f infrared gas detection. The lab 
analysis tests the functional aspects o f  the solution. Results are given in 
num erical and descriptive form along with the test procedures used to generate 
them.
5.2 Lab Tests
In order to test and validate the IR80/S500-IR Infrared gas detector a suite o f 
tests procedures were used as described in this chapter.
5.2.1 Instrum ent R epeatability
The repeatability  o f a gas detection instrum ent is how repeatable the indicated 
gas concentration is compared to the applied gas concentration. This is quite an 
im portant figure when accurate m easurem ents need to be achieved on a regular 
basis, e.g. gas concentration process control in brew eries, etc. The test setup for 
repeatability  consisted o f a relay controlled flow m eter connected to the target
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gas to be m onitored and a cylinder o f nitrogen, the zero gas. The control board 
for the relay was constructed in M onicon and was driven by control software 
w ritten in Labview, which was also coded in M onicon. Labview is a software 
package by N ational Instrum ents, which is extensively used, in industrial test and 
control situations. The program  consisted o f a sim ple loop that opened and closed 
the relays that controlled the gas flow. The instrum ents on test where exposed to 
target gas every 20 m inutes for a 2 week period. Gas was exposed to the sensors 
for 1 minute; the gas concentration reading on the instrum ents was read o ff  the 
serial port and stored in the Labview program . The sensors were then purged w ith 
the zero gas nitrogen. For the IR80 infrared gas detector the ten sensors on test 
were exposed to 5% carbon dioxide w hile the ten S500-IR infrared gas detectors 
on test were exposed to 50% LEL m ethane. The figures collated at the end o f the 
test period resulted in a repeatability  figure o f 1%, which is more then acceptable 
in the gas detection industry. The results for repeatability  testing are listed below 
in table 5.1.
IR80 highest reading 5.1% S500 highest reading 50% LEL
IR80 lowest reading 5.0% S500 low est reading 49% LEL
IR80 repeatability  % ±1% S500 repeatability  % ±1%
T ab le  5.1 IR 8 0 /S 5 0 0  r e p e a ta b ility  resu lts
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Monicon Technology
IR80/S500IR Repeatability Testing System
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F ig u re  5.1 L a b v iew  te s t  p ro g ra m  fo r  in stru m en t r e p e a ta b ility
5.2.2 Tem perature Compensation V erification
The problem s, solution and im plem entation o f tem perature com pensation are 
detailed in section 4.4.6. The verification o f the solution was carried out over a 
two-week testing period inside a tem perature cycling chamber. A test program 
was once again w ritten using Labview that com m unicated with the instrum ents on 
test along w ith the tem perature cycling chamber. The test chamber tem perature 
cycled from 50°C to -20°C and back over a 20-hour time frame. The relay control 
board was u tilised  once again to expose the detectors to the target gas and the 
zero gas. Increm ents and decrements o f  5°C w ere observed in the tem perature 
chamber. The Labview program read the zero and span gas concentration 
readings o f  the instrum ents at each tem perature stage and logged the inform ation 
in a report. Ten S500-IR ’s and ten IR 80’s were placed in the cham ber and at the 
end o f the two weeks 100% tem perature com pensation success was noted for each 
detector tested.
125
Chapter 5 Testing and Validation
Cycle
O x i i p l e t i
t> IR8O.S& Q0 Tim m ie te t  w c  t o n n i c f l w t w n  Ve/iJc<it>on te * t  S y t t e m . n
M□ NicinN T e c h n o l o g y
IR80/S500IR Temperature Compensation 
Verification Test System
T c n i j u - r a t u f r  H M u r y
. ; ,0
SMI
»---------------------
Spari Max %
Te*t Date Time Temp span ¿CIO
13 04_10_05 - 12 r.i:05 -5 5.0 0
14 04J 0JQ6 • 02:25:03 -10 i*i 0
CH_i0_0S • 04:25:03 -15 sa____ 0
16 CHJOJJS • 06:25:03 *20 SA_______ 0
17 ÍM_10_05 - 03:25:03 15 5.0 §_------
18 04. 10.05- 10:25:03 -to SÆ_______ 0
Ï9 01. 10.05 - 12:25:03 -8 5J ______ _ 0
¿0 04. 10. 05-02:2S:C3 o 5.0 0
21 04. 10.05 • 04:25:03 5 5J>____
22 01. 10.0S - 06:25:03 10 SU_ 0
23_ 01. 10.05-08:25:03 15 $•0______ L _
24 04. 10.05 • 10:25:03 20 _ 0
25 OtJO-05 • 12:25:03 25 5.1 0
26 05. 10.05 - 02:25:03 30_______ f» 0
27 05. 10JOS - 1H t2S:03 5,0 0
28 05_10_05-06:25:03 m______ 5-0 ú
129_ G5JÛJDS 08:25:03 45______ 5.Í 0
;30 Q5_IO_OS ■ 10:25:03 50 5,0______ 0________
31 05. 10.05 - 02:25:03 45 5.0 0
32 05. 10.05 - 12:25:03 40 5.0 0_
« 05, 10.05 -04:25:03 35__ SJ_______ 0
05. 10.05 - 06:25^ 53 30 5.1 Ü
05. 10.05 • 08:25:03 25 5*0____ 0________
36 05. 10.05 - 10:25:03 20 s&_______r0
IR80
Instrum ent Type 
IR8Q t )
Gas Seiftet
CH4 M ethane t )
Time/Date
|li)iä:CÖPM 05ÍIW200S
C ä T e n p
f^°c
F ig u re  5.2 L a b v iew  te s t  p ro g ra m  fo r  tem p era tu re  co m p en sa tio n  v e r if ic a t io n
5.2.3 Noise Compression Verification
The techniques used to im plem ent noise com pression, both hardw are and 
software solutions, are explained in chapter 4, section 4.4.8. In order to test the 
im plem ented techniques and also in order to com ply w ith the standards EN 
50081-1: 1992 and EN 50082-2: 1992 a suite o f tests were conducted on the IR80 
and the S500-IR infrared detectors in order to evaluate their E lectrom agnetic 
Com patibility (EMC) emissions and im m unity. These tests w ere conducted by an 
EMC test-house. The following section describes and details the tests com pleted 
and the results.
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5.2.4 Radiated Field Immunity
Standard: EN 50082-1: 1992
This test was carried out in a shielded room in accordance with the standard IEC 
801-3. This standard relates to the testing o f equipm ent im m unity to radio 
frequency interference (RFI). The field strength o f  the test was 3V/m (volts per 
metre) and the frequency sweep was 27MHz to 500MHz.
Test Equipment:
M arconi 2022 RF G enerator (10kHz to 1GHz).
A m plifier Research 30W1000M7 Power am plifier. (27MHz to 500MHz).
Holaday HI-4400 Broadband m easurem ent system with 
Holday HI-4421 Isotropic electric field probe (10kHz to 1GHz).
Skyband T601 Discone antenna.
Custom software to control and level the field.
Schaffner Burst G enerator NSG 255.
RF absorbing foam to dampen response o f screened room.
Closed circuit TV to m onitor the equipm ent under test during the test.
The field was applied as follows:
From 27MHz to 100MHZ in 5% frequency steps, 
from 100MHz to 200MHZ in 2% frequency steps and 
from 200M Hz to 500MHZ in 1% frequency steps.
Both horizontal and vertical polarizations and the 4 right-angled orientations 
were used over the frequency range and the dwell tim e on each frequency was 3 
seconds. The param eter m onitored was the display on each instrum ent. For this 
test the equipm ent under test needed to rem ain operating as intended. No 
degradation o f perform ance or loss o f function is allowed below a perform ance 
level specified by the m anufacturer (M onicon), when the instrum ent is used as 
intended.
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Test Voltage (V/m) Result Effects Observed
3 Pass No m alfunctions observed
T able 5.2 R a d ia ted  fie ld  im m u n ity  re su lts
Comments: D isplay variation tolerance ±5 %. No display variation observed 
during the test.
5.2.5 Fast Transient Immunity
Standard: EN 50082-1: 1992
This test was once again carried out in a shielded room in accordance with the 
relevant standard IEC 801-3. The purpose o f this test in to evaluate the 
instrum ents ability to recover from fast transients that appear on the AC supply 
line and also the signal lines from the sensor to the ADC. In other words i t ’s a 
functional test o f  the m icroprocessor’s watchdog timer. The AT89C51RD2 has a 
built in watchdog tim er which is controlled by w riting to a specific register 
periodically in the firmware. The instrum ent needs to be able to continue to 
operate as intended after the test and no degradation o f  perform ance or loss o f 
function is allowed below a perform ance level specified by the m anufacturer 
(M onicon), when the instrum ent is used as intended.
Line Description Test Voltage (kV) Result Effects Observed
AC Supply ± 1 Pass See comments
Sensor Lines ± 1 Pass No m alfunctions 
observed
T able 5.3 F a st tr a n s ie n t im m u n ity  re su lts  
Param eters m onitored: D isplay on instrum ents
Comments: There was some functional disruption observed during the tests. 
The IR80 and S500-IR resumed normal operation im m ediately after the test.
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5.2.6 C ost C om parison
The IR80 CO 2 m onitor costs €405 to m anufacture. Compared to the original 
M onicon Infrared CO 2 m onitor (IR100) that was purchased from an outside 
source and sold as a M onicon product, the IR80 costs €495 less to m anufacture. 
This means that the instrum ent can be sold at a more com petitive price, which in 
turn can lead to greater sales o f the instrum ent.
The same can also be said for the hydrocarbon detector, the S500-IR. The S500- 
IR costs €620 to m anufacture. This compares to €1015 for the hydrocarbon 
version o f the IR100. The ability  to quote the instrum ents at a lower cost than 
previously allowed was one o f the in itial goals o f the project.
5.3 Expert Feedback
After the lab tests were done, some independent form o f feedback was required to 
validate the infrared gas detector. Initial feedback came in the form o f a product 
launch and dem onstration in the M onicon head office in Galway. Installation 
engineers and sales mangers from a num ber o f M onicon’s distributors worldwide 
attended. The installation engineers who are responsible for the configuring, 
com m issioning and m aintenance o f all M onicon products made the following 
comments:
• Both o f the infrared gas detectors allowed for easy set-up, configuration 
and m aintenance.
• The calibration interval for each instrum ent could now be stretched to 6 
months as opposed to every 3 months for other products, due to the low 
zero drift and span drift characteristics o f the detectors.
• The diagnostic capabilities o f the instrum ent are o f great benefit to the 
installation engineer. Full read out o f  calibration param eters, live readings 
o f active and reference signal counts along with instrum ent set-up 
constants are available over the RS-485 physical interface. This data can 
be retrieved by a com m unications module, design and supplied by 
Monicon.
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• The innovative design ideas and firm ware im plem ented in the infrared gas 
detector greatly enhance the instrum ent as a whole.
The sales teams made the follow ing observations:
• The internal tem perature com pensation will make the instrum ents 
attractive to applications where extrem es o f tem peratures are experienced.
• The relatively  low list price o f the product would make it extrem ely 
com petitive when in com petition with other gas detector m anufactures for 
a particu lar job.
• Instrum ent repeatability  and drift characteristics o f the instrum ent as good 
if  not better than current com petitors alternatives on the market.
• The instrum ent is housed in an aesthetically  pleasing enclosure and the 
PCB layout and routing is designed in a neat fashion, both o f which can 
be influencing factors in im pressing a potential custom er at first glance.
As well as the product launch and dem onstration both instrum ents were field 
tested by M onicon’s Irish distributor, Irish Superior. The instrum ents were 
placed on a six-m onth test in two pharm aceutical plants in Ringaskeedy, Co 
Cork. The instrum ents were connected to a SCADA system and the gas 
concentration readings logged continuously. The results from these tests were 
very positive. There was m inimal zero or span drift exhibited on either detector. 
The detectors gave no spurious readings or false alarms over the six-m onth 
period that can be attributed to the techniques deployed, both hardware and 
software, in reducing the effects o f  background noise. Overall the com panies that 
conducted the field tests were happy with the tested instrum ents and as a result 
both agreed to install the infrared detector throughout their plants.
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Chapter 6
Conclusions and Further Development
6.1 Thesis Summary
6.2 Conclusions
6.3 Further Development
6.1 Thesis Summary
This thesis researched the developm ent, application and im plem entation o f an 
infrared gas detector. Innotative softw are algorithm s were developed to 
im plem ent the various design features laid out in the project requirem ents. 
The hardw are was designed in a fashion that m axim ized the perform ance o f 
the instrum ent and also took in account Design For M anufacture (DFM) 
considerations. Chapter 2 looked at alternative methods o f detecting the 
presence o f specific gases. The advantages and disadvantages o f each 
technology were discussed and outlined. Chapter 3 examined infrared gas 
m onitoring as a whole. Infrared spectroscopy, the study o f how m olecules 
absorb infrared radiation, was detailed and explained giving an insight to the 
chem istry involved in infrared gas m onitoring. Inform ation was presented on 
the Beer-Lam bert law that relates the amount o f light absorbed to the 
concentration o f the substance absorbing in a quantitative manner. This law 
was incorporated into the firm ware to calculate the gas concentrations. 
D eviations from this law can occur and the methods deployed to counteract 
these deviations were outlined. These m ethods included linearization 
techniques in the firmware. The pyroelectric detector is a device used to 
detect changes in incident radiation and it is used in the project to detect the 
absorption o f infrared radiation by specific gases. The construction and 
functional characteristics o f the pyroelectric detector were exam ined in 
detail. Chapter 3 concludes with a list o f  advantages that infrared gas 
m onitoring hold over other gas m onitoring technologies. Chapter 4 presented
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the developm ent and im plem entation o f the infrared gas detector. F irstly  the 
requirem ents were derived, m ainly from shortcom ings exhibited in infrared 
gas detectors currently on the m arket, secondly the technologies to be used 
were detailed and finally a technical description o f the design and 
im plem entation o f the infrared gas detector was presented. The electronics 
used in the instrum ent and details o f the optical cavity  design were explained 
in depth. The algorithm deployed for accurate and reliable peak-to-peak 
detection was detailed. Tem perature com pensation was required in the 
instrum ent in order to com pensate for the negative effects that tem perature 
fluctuations have on the pyroelectric detector. The im plem entation o f this 
tem perature com pensation, which included the use o f a therm istor positioned 
adjacent to the dual pyroelectric, is described. Careful design o f the detector 
and optical cavity ensured that the problem s o f zero drift and span drift were 
reduced to a manageable level. In order for the instrum ent to be immune from 
the effects o f  background noise both hardware and software methods were 
used to reduce these effects. A predictive response algorithm  was also 
im plem ented for situations were a fast and accurate response was required. 
F inally the research conducted into serial com m unications protocols is 
presented. Modbus over RS-485 physical in terface was the chosen protocol 
for the project and the im plem entation o f the M odbus is described in detail. 
Chapter 5 detailed the testing and validation o f the IR80 CO 2 m onitor and the 
S500-IR hydrocarbon m onitor. The methods used to test the system were 
given along with results from the lab and feedback from instrum entation 
experts.
6.2 Conclusions
From the testing and validation o f the IR80 CO 2 m onitor and the S500-IR 
hydrocarbon m onitor, the follow ing conclusions can be drawn:
• The tem perature com pensation im plem ented on the infrared gas 
detector has resulted in an instrum ent that is extrem ely stable, 
repeatable and reliable across a range o f tem perature from -20°C to
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+50°C. Figures o f approxim ately ± lOOppm for the IR80 and ± 1%LEL 
for the S500-IR were achieved.
• Careful and precise design o f the optical cavity has ensured that the 
repeatability  o f the instrum ent is well w ithin the industry norm for 
such an instrum ent.
• The noise suppression techniques im plem ented in the project 
significantly reduce the negative effects that background noise can 
create. A factor o f four times im provem ent in signal to noise ratio was 
obtained. Tests conducted in the field as well as the lab tests that were 
carried out verified this.
• Dual pyroelectric detectors are m ost certainly the best approach from a 
design point o f  view. The effect o f having a referencing signal to filter 
out unwanted disturbances on the detector along with the two 
pyroelectrics contained on the one substrate com bine to create a 
extrem ely stable signal output.
• A predictive response can be obtained in a relatively  sim ple fashion at 
calibration time. The demand for this option in the firmware is 
somewhat lim ited but could be a deciding factor in the sale o f the 
instrum ent for T90 critical applications.
• The accuracy and consistency o f the sinusoid peak-to-peak ADC 
counts obtained are very satisfactory. This was an im portant factor 
outlined at the start o f  the project. The in tegrity  o f the instrum ent as a 
whole depended on the availability  o f highly accurate ADC readings.
• Expert feedback gathered indicated that the target o f  developing and 
designing an infrared gas detector that exhibited excellent perform ance 
characteristics along with intuitive electronic and softw are engineering 
concepts was fully achieved.
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6.3 Further Developm ents
The IR80 CO 2 m onitor and the S500-IR hydrocarbon m onitor could further be 
enhanced with the follow ing developm ents:
• The gain o f the op-amp circuitry, which provides am plification to the 
low level pyroelectric sinusoidal outputs, is controlled by two 25-turn 
potentiom eters. One potentiom eter for each pyroelectric, reference and 
active. By introducing digital potentiom eters the human intervention 
required for set-up could be further reduced. The ADC readings could 
be m onitored and the digital pots autom atically tweaked by the 
firm ware until the desired am plitude is reached. The digital pots, in 
m ost cases, receive a 8-bit binary code that translates to a resistance 
w ithin the range o f the digital pot. Each binary code hence has a 
unique resistance.
• An infrared detector that would provide a pellistor style output could 
be developed using the existing design used in this project. A pellistor 
as described in chapter 2 has typical output voltages in the order o f 
mV, which increases in the presence o f a com bustible gas. One 
disadvantage o f pellistor-based detectors is that certain substances can 
easily poison them. This does not happen w ith infrared. By 
m iniaturizing the electronics and including a high resolution digital to 
analogue converter (DAC), the processed gas concentration could be 
outputted in mV identical to a pellistor. This type o f  detector would be 
extrem ely popular where a plug in replacem ent is desired for existing 
pellistor-based installations.
•  Halocarbons, e.g. Freon, can be detected using the NDIR method. 
However in order to acquire a usable signal a longer pathlength for 
infrared absorption is required, due to the poor m olar absorption 
characteristics o f these gases .By redesigning the optical cavity such a 
detector could be developed using the same hardw are and software.
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